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Abstract
The hippocampus is the main locus of episodic memory formation and the neurons there
encode the spatial map of the environment. Hippocampal place cells represent location, but
their role in the learning of preferential location remains unclear. The hippocampus may
encode locations independently from the stimuli and events that are associated with these
locations. We have discovered a unique population code for the experience-dependent
value of the context. The degree of reward-driven navigation preference highly correlates
with the spatial distribution of the place fields recorded in the CA1 region of the hippocam-
pus. We show place field clustering towards rewarded locations. Optogenetic manipulation
of the ventral tegmental area demonstrates that the experience-dependent place field
assembly distribution is directed by tegmental dopaminergic activity. The ability of the place
cells to remap parallels the acquisition of reward context. Our findings present key evidence
that the hippocampal neurons are not merely mapping the static environment but also store
the concurrent context reward value, enabling episodic memory for past experience to sup-
port future adaptive behavior.
Author summary
Episodic memories relate positive or negative experiences to environmental context. The
neurophysiological mechanisms of this connection, however, remain unknown. Hippo-
campal place cells represent location, but it is unclear if they encode only the spatial repre-
sentation of the environment or if they are also processing information about the reward
valence for different locations. Here, we use population analysis to test the hypothesis
that the place cells process the dual encoding of spatial representation and experience-
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dependent reward expectation. We show a unique population code for the experience-
dependent value of the context. We present evidence that the accumulation of the place
fields mediates the learning of the reward context of the environment. Our data reveal
that the causal link between place field distribution and behavioral place preference is
mediated by the tegmental dopaminergic activity. Optogenetic control of the ventral teg-
mental area demonstrates that dopaminergic signaling integrates the encoding of location
and reward from hippocampal neurons. These findings shed a new light on the ability of
hippocampal neurons to store the experience-dependent context reward value, enabling
episodic memory for past experience to support future adaptive behavior.
Introduction
The hippocampus mediates the formation of adaptive memory for positive or negative experi-
ences [1], but the neurophysiological mechanisms of this learning process remain unknown
[2]. The hippocampus may encode locations independently from the stimuli and events that
are associated with these locations [3]. Recent findings deduced artificial association between
place cells and place preference through the use of optogenetic [4–6] or electrical stimulation
[7]. These results provide key evidence linking place cell activity and context-dependent
encoding of space [8]. However, it remains unclear if the place cells are simply coincidence
detectors or they actively mediate the learning between reward and location. To address this
question, we address here 2 possibilities: if place cells don’t integrate information about loca-
tion and reward, then after global remapping, the distribution of place fields should not be
biased towards the location previously associated with reward. Alternatively, if place cells do
integrate information about both location and reward, then after global remapping, the distri-
bution of place fields should be precisely biased towards the location previously associated
with reward.
One remarkable but underexplored feature of the place cells is their ability to accumulate in
locations of the environment that are consistently gainful over repeated exposure. Place fields
tend to accumulate near the platform of the water maze, in which the percentage of cells with
peak activity around the hidden platform was more than twice the percentage firing in equally
large areas elsewhere in the arena [9]. CA1 place fields preferably map locations, such as the
escape platform location in an annular water maze [9], selective delivery of water to a single
location [10], or the food reward location in a T-maze [11]. The accumulation phenomenon
has been described but it never has been validated as a learning mechanism. The biased map-
ping might simply reflect oversampling of a small number of place cells with no relation to
the learning of the task. The place cells from the residual, nonrewarding locations of the envi-
ronment may simply undergo incomplete field formation due to insufficient path sampling
[12, 13]. In this case, remapping of the place cells triggered by the altered spatial navigation
approach will dissociate the accumulated place fields from the animal’s preferred location. An
alternative proposal is that the accumulation of the place fields is essential for the representa-
tion of the reward location. In this case, the scale of accumulation will consistently reflect the
degree of place preference, even after scattered allocation of the place fields. We use here a
behavioral setup in which, after the learning trials, the place cells undergo global remapping
due to the altered spatial navigation approach of the animals during the probe. We designed a
protocol to allow for significantly expressed place preference in combination with sufficient
path sampling for place field formation in the nonpreferred zone. Previous findings indi-
cated that spatial learning regulates place fields accumulation [14]. Here, we present explicit
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evidence that the accumulation of place cells is independent population-code mediating the
integration of spatial navigation and reward location. We then show that accumulation of
place fields is an experience-dependent plastic process, which depends on spatially tuned teg-
mental dopaminergic activation.
Results
Differential navigation in continuous T-maze
To dissociate the place field maps from consistent reward location, we used a continuous T-
maze. We trained rats implanted with tetrodes in the CA1 region of the dorsal hippocampus
to navigate in a continuous T-maze task, in which the southwest (SW) corner was the constant
reward location (Fig 1A). To achieve differential navigation among the rats during the probe,
we set the illumination of the recording room to levels at which the animals would rely on
both distal and proximal cues (see Materials and methods, Continuous T-maze task). The dis-
tal cues represent geometric signs on the curtains around the recording arena, while the proxi-
mal cues refer to the maze geometry. All rats (n = 20) underwent 9 training sessions for 3 days,
during which the animals learned to navigate towards the SW corner (Fig 1D). During the
probe session, the rats were placed in the opposite T-maze, with rewards positioned in both
corners of the maze (Fig 1B). The rats showed 2 types of navigation strategy (Fig 1C): (1) pref-
erence for the northeast (NE) corner passes, which was above chance level (S1A Fig, preference
group, n = 10), with binomial probability values of p< 0.05 (Fig 1E, S1 Table); i.e., navigation
predominantly based on proximal cues, and (2) no preference between corners in which the
number of passes to each of the corners was below chance level (S1B Fig, nonpreference
group, n = 10), with binomial probability values of p> 0.05 (Fig 1F, S1 Table); i.e., navigation
based on opposing proximal and distal cues. Only rats with stable waveforms were allowed to
the probe session (S2A–S2D Fig). We recorded 304 hippocampal place cells (n = 20 rats) and
all of them underwent global remapping in the probe trial (S2E–S2H Fig). From the 241 cells
that fired in the reward-associated loop (with navigation towards the SW corner) of the maze
during training sessions (reward loop cells), 74.2% (179/241) remapped, while 25.8% (62/241)
of place cells did not express place field for the maze configuration of the probe. Concurrently,
63 other place cells expressed place fields in the probe. These place cells were units that either
expressed fields in the early training sessions of the nonrewarding loop of the maze or did not
express any fields for the training maze configuration (nonreward loop cells). Five out of 179
(2.79%) of the remapped cells kept their location in respect to the maze geometry (mirror
representation), while 6/179 (3.35%) kept their location in respect to the distal cues (opposite
representation). Our maze setup allows for a combination of place fields global remapping
with concurrent preferential navigation. Importantly, the maze design allowed for sufficient
path sampling in the nonpreferred section of the maze. We next examined if the remapped
place fields accumulated within the preferred navigation of the probe.
Biased place field configuration after global remapping
We investigated whether the configuration of the remapped place fields from the reward loop
in the training sessions (reward loop cells) differed between the preference (S3A Fig) and non-
preference groups (S3B Fig). We evaluated the spatial field configuration (SFC) of the individ-
ual place fields across both loops with respect to the midline of the maze at 45˚, in which the
SW corner is 0˚ and the NE corner is 90˚. SFC evaluates the position of the individual place
fields across the midline axis (in degrees). The mean SFC of the reward loop cells for the pref-
erence group (Fig 2A) was 59.9 ± 3.2˚, compared to 35.9 ± 3.2˚ for the nonpreference group
(Fig 2C). The mean SFC of the place fields that did not encode the reward loop in the training
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sessions (nonreward loop cells) (Fig 2B and 2F) was opposite to the reward loop cells fields
with values of 30.9 ± 5.5˚ and 47.8 ± 5.7˚ for the preference and nonpreference group, respec-
tively (Fig 2D). The total SFC, including reward and nonreward loop cells, was 52.1 ± 3.0˚ for
Fig 1. Differential navigation in continuous T-maze. (A) Behavioral setup of the training sessions for the continuous T-maze. The animals
were placed on the starting choice point (marked with a white arrow) and allowed to freely navigate for 12 minutes. Two pellets were
continuously positioned at the end of the southwest (SW) corner (reward zone, marked with filled black circle), while no pellets were positioned
in the northeast (NE) corner. The acquisition of the task was based on the spatial guiding of both maze geometry (proximal cues) and
geometric paper signs on the curtains surrounding the arena (distal cues). The identification of the distal cues was designed in a manner in
which approximately half of the animals would rely on them for spatial navigation. During the training sessions, the animals were placed on the
starting choice point (marked with a white arrow) and allowed to explore the maze. Direct passes between the SW and NE zones were not
rewarded with pellets. The opposite section of the maze was visible for the rats but not accessible. The animals (n = 20 rats) underwent 9
training sessions over 3 days. (B) During the probe session (on day 4), the animals were exposed to a reversed configuration of the maze, in
which access to the training T-maze was disconnected. The animals were placed on the starting choice point of the opposite T-maze (marked
with a white arrow), while access to the training T-maze was disconnected. In this way, the rats were exposed to the same proximal but
opposite distal cues. Two pellets were constantly positioned in both SW and NE corners. We evaluated the direction of the passes from the
starting choice point (marked with a white arrow) and the central choice point. (C) Comparison of the ratio of SW to NE passes. Error bars,
mean ±SEM, n = 10 rats (preference group), n = 10 rats (nonpreference group), 2-tailed independent t test, t(18) = 6.955, ***p < 0.001. Both
groups (the preference and nonpreference groups) had the same training. The chance level of preferential versus nonpreferential navigation
was based on the number of passes from the choice points towards each of the corners given the total number of passes; binomial probability
values of p < 0.05 indicated preferential navigation. (D) Learning curve of the animals’ navigation during the training sessions. All animals
underwent 9 training sessions over 3 days. White bars show the number of passes towards the rewarded SW corner for the first 120 seconds
of each recording session, while the grey bars show the number of passes towards the NE corner (with no reward) for the first 120 seconds.
Two-way ANOVA, between groups, F(1,19) = 59.812, p < 0.001, n = 20. (E) Representation of the passes from the preference group rat
towards the SW corner (in red) and towards NE corner (in blue) from the central choice point (above) and from the starting choice point
(below). (F) Representation of the passes from the nonpreference group rat towards the SW corner (in red) and towards NE corner (in blue)
from the central choice point (above) and from the starting choice point (below). The grey lines indicate passes from the corners towards the
choice points or direct passes between the reward points. Files dataset is available at Figshare public repository in Tsanov 2016 data /
Continuous T-maze folder https://figshare.com/s/b86a9a111353ba04bd32 and Tsanov 2017 data / Continuous T-maze CA1 folder https://
figshare.com/s/5c5ba9b2811f3d7b7696.
https://doi.org/10.1371/journal.pbio.2002365.g001
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Fig 2. Spatial field configuration (SFC) in the probe session of continuous T-maze. (A) Five sample place cells recorded
from the reward loop of the training sessions (reward loop cells) from a representative animal. Upper panels show the animal
trajectory with spikes, marked with colored dots (above) and their color-coded firing rate map (below) from the last training session.
Lower panels show the animal trajectory with spikes (above) and their place fields’ color-coded firing rate maps (below) from the
probe session. The straight red line denotes the direction (in degrees) of the SFC between the southwest (SW) corner at 0˚ and the
northeast (NE) corner at 90˚, with midline at 45˚ (represented at the dashed inset below). (B) Two sample place cells that were
absent from the reward loop of the training sessions from the same animal (nonreward loop cells). (C) SFC values from the
preference and nonpreference groups are reported for the reward loop cells. Two-tailed independent t test, n = 90 cells (preference
group), n = 89 cells (nonpreference group), t(177) = 5.189, ***p < 0.001; for (D), the nonreward loop cells, n = 33 and n = 30,
respectively, t(61) = −2.112, *p = 0.039; and (E) for all cells, n = 123 and n = 119, respectively, t(240) = 3.210, **p = 0.001. Error
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the preference and 38.9 ± 2.8˚ for the nonpreference group (Fig 2E, S2 Table). The duration of
the probe (12 minutes) was designed to allow for sufficient sampling of all bins of the maze
(for field evaluation, we used a minimum of 9 bins), including sufficient time in the nonpre-
ferred zone for the formation of stable place fields [13].
To confirm the clustering of the cells during the probe for the preference group of rats, we
used another analytical approach. We evaluated the location of the center of mass (COM) and
its position (spatial angle) in respect to the symmetry axis of the maze (S4A–S4D Fig). The
mean COM angle (S4D Fig) of the reward loop cells for the preference group was 56.4 ± 2.5˚,
compared to 39.6 ± 1.8˚ for the nonpreference group (S4C Fig). The mean COM angle of the
place fields that did not encode the reward loop in the training sessions (nonreward loop cells)
was 37.5 ± 3.9˚ and 49.0 ± 3.8˚ for the preference and nonpreference groups, respectively,
while the total COM angle, including reward and nonreward loop cells, was 51.2 ± 2.2˚ for the
preference and 41.9 ± 1.7˚ for the nonpreference groups (S4C Fig, S3 Table). These data show
that the place preference behavior was accompanied by biased configuration of the reward
loop cells towards the preferred NE corner of the maze. The nonreward loop cells counter-
poised the SFC bias for both groups.
Place fields distribution predicts navigation preference
To evaluate whether the spatial distribution of the place field assemblies reflects the navigation
preference of each animal, we analyzed the COM from all place cells’ spikes recorded from a
single animal using a spatial population vector (SPV). This parameter estimates the Cartesian
distribution of the spikes from multiple place fields. The SPV is based on place field rates,
which represent spiking as a function of the occupancy for each pixel (see Materials and meth-
ods, SPV). Therefore, the SPV is not biased by the time spent in a particular section of the
maze. The SPV values are measured also between the SW corner, where SPV is 0˚, and the NE
corner, where SPV is 90˚. Values below 45˚ indicate that the place fields distributed preferably
towards the SW corner of the maze, while values of above 45˚ indicate NE distribution prefer-
ence. We computed both weighted SPV (in which the cells are weighted by their firing rate)
and averaged SPV (in which all cells are weighted equally). The reward loop cells from the
preference group (Fig 3A and 3E, S5A Fig) showed an uneven distribution of their spikes in
favor of the NE corner, with weighted SPV of 56.1 ± 1.6˚ and averaged SPV of 56.2 ± 1.5˚.
Concurrently, the place cells from the nonpreference group (Fig 3B and 3E, S5B Fig) expressed
values of 40.3 ± 2.0˚ for weighted SPV and 39.8 ± 1.6˚ for averaged SPV (S4 Table). The addi-
tion of the nonreward loop cells shifted the SPV values towards the midline of 45˚ (Fig 3F).
The SPV values decreased for the place cells from the preference group (Fig 3C) to 52.4 ± 1.2˚
and 51.3 ± 1.4˚ weighted and averaged SPV, respectively (Fig 3G, S5C Fig), whereas the SPV
values for the nonpreference group (Fig 3D) increased to 42.7 ± 1.4˚ and 42.0 ± 1.1˚, respec-
tively (Fig 3H, S5D Fig). The close link between place preference and place field assembly dis-
tribution is best represented by the correlation between the animals’ navigation and the SPV.
The degree of place preference, expressed by the SW/NE passes ratio, showed strong correla-
tion with the SPV values (Pearson’s r = −0.92, Fig 3I left). This correlation was not affected by
the presence of the nonreward loop cells for the weighted SPV (Pearson’s r = −0.90, Fig 3I
bars, mean ± SEM. (F) Sample spike clusters during training session (left) and probe (right). The appearance of spike cluster (blue)
of a nonreward loop cell is denoted with a black asterisk. (G) Waveform of a sample reward loop place cell recorded from the last
training session (above) and the probe (below). The solid line shows the average waveform shape; the dashed lines show the
1-SD confidence intervals. Files dataset is available at Figshare public repository in Tsanov 2016 data / Continuous T-maze folder
https://figshare.com/s/b86a9a111353ba04bd32 and Tsanov 2017 data / Continuous T-maze CA1 folder https://figshare.com/s/
5c5ba9b2811f3d7b7696.
https://doi.org/10.1371/journal.pbio.2002365.g002
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Fig 3. Navigation preference correlates with the place field assembly distribution. (A) Spatial distribution of the spikes (colored dots)
from the reward loop cells (represented by different colors) recorded from 3 preference group animals and (B) from 3 nonpreference group
animals. The straight red line denotes the weighted spatial population vector (SPV) between the southwest (SW) corner at 0˚ and the
northeast (NE) corner at 90˚. (C) Spatial distribution from all cells recorded from the same animals from the preference and (D) nonpreference
groups, respectively. (E) Weighted SPV (left) for the preference group (n = 10 rats) and the nonpreference group (n = 10 rats), 2-tailed
independent t test, t(18) = −6.116, ***p < 0.001; and averaged SPV (right), 2-tailed independent t test, t(18) = −7.283, ***p < 0.001, for
reward loop cells. Error bars, mean ±SEM. (F) Weighted SPV (left), 2-tailed independent t test; t(18) = −5.048, ***p < 0.001; and averaged
SPV (right), 2-tailed independent t test, t(18) = −5.208, **p = 0.006, for all cells. Error bars, mean ±SEM. (G) Comparison of the weighted
SPV (left), n = 10, paired t test; t(9) = 5.043, ***p < 0.001; and averaged SPV (right), n = 10, paired t test; t(9) = 4.331, **p = 0.002 between
the reward loop cells and all cells for the preference group. (H) Comparison of the weighted SPV (left), n = 10, paired t test; t(9) = −1.823,
p = 0.102; and averaged SPV (right), n = 10, paired t test; t(9) = −1.740, p = 0.116 between the reward loop cells and all cells for the
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right). However, the averaged SPV correlation was greater for the reward loop cells (Pearson’s
r = −0.91, Fig 3J left) compared to all cells (Pearson’s r = −0.75, Fig 3J right). Thus, the firing
rate might complement the distribution of the place cells for preferred location. To demon-
strate that the correlation of the SPV and animals’ navigation is not affected by the analytical
design, we forced biased navigation to the south section of the maze during the probe (S6A
Fig). Despite the high SW/NE passes ratio and the predominant timing in the SW corner (S6B
Fig), the SPV was directing towards the opposite NE corner (S6C Fig). These findings provide
key evidence that accumulation of place fields persists after global remapping, and the scale of
place field assembly distribution precisely reflects the degree of place preference.
The ventral tegmental area (VTA) is a central structure in the propagation of reward signals
[15, 16]. We recorded the activity of slow-spiking neurons (with firing rate of<10 Hz, i.e., the
rate diapason of dopaminergic neurons) from VTA and measured their firing rates for the
choice points of the probe exploration (S7A Fig). Cue-evoked activity in tegmental dopaminer-
gic neurons reflects the value of the predicted rewards [17, 18]. We evaluated separately the
firing rate for the passes towards the NE corner and towards the SW corner (S7B Fig). To evalu-
ate the dissimilarity of the firing rate in both directions, we divided the firing rate for the SW
passes over the firing rate for the NE passes (SW/NE passes firing rate ratio). The average ratio
values for animals with preferred navigation (n = 3 rats, 16 cells) was 0.58 ± 0.04, compared to
1.01 ± 0.03 for animals with preferred navigation (n = 4 rats, 14 cells) (S7C Fig). The signifi-
cantly lower ratio for the preference group animals (S7D Fig) indicates that the tegmental slow-
spiking neurons spike with higher rate when the animals from this group are navigating towards
their preferred section of the maze (S7E Fig). These data propose that the dopaminergic signal-
ing might mediate the navigation-related bias of the place fields’ distribution.
Suppression of VTA dopaminergic neurons evokes navigation
preference
We next aimed to induce place preference behavior without altering the spatial navigation
approach or reward location, but by suppressing the reward signals in the brain [19]. VTA
dopaminergic suppression is known to evoke place avoidance [15]. Our goal was to test if
dopaminergic signaling mediates the integration of location and reward encoding from hippo-
campal neurons. For inhibition of the VTA tyrosine hydroxylase positive (TH+) neurons, we
injected a Cre-inducible viral construct, adeno-associated virus AAV-EF1a-DIO-iC++-YFP,
expressing light-activated chloride channels (iC++) [20], in the TH::Cre rat line (Fig 4A).
90 ± 2% of neurons that expressed yellow fluorescent protein (YFP) also expressed TH, while
52 ± 8% of neurons that expressed TH also expressed YFP (n = 5 rats, n = 1,116 TH cells,
n = 665 YFP cells; n = 590 TH-YFP cells; Fig 4B, S8A–S8C Fig). Local delivery of blue light
(473 nm) suppressed the spiking of neurons infected with AAV-EF1a-DIO-iC++ (Fig 4C). Of
these cells, 90.9% (30/33) spiked with baseline frequency below 10 Hz, with average frequency
of 4.7 ± 2.6 Hz. Firing rate of<10 Hz is an electrophysiological characteristic of VTA dopami-
nergic neurons [21]. The application of blue light triggered inhibition in 38% (30/78) of the
recorded slow-spiking neurons (S9A–S9C Fig) and 5.5% (3/55) of the fast-spiking cells. To
nonpreference group. (I) Correlation between the SW/NE passes ratio and the weighted SPV of the reward loop cells (left), n = 20 rats,
Pearson’s r = −0.92, p < 0.001; and all cells (right), n = 20, Pearson’s r = −0.90, p < 0.001. (J) Correlation between the SW/NE passes ratio
and the averaged SPV of the reward loop cells (left), n = 20, Pearson’s r = −0.91, p < 0.001; and all cells (right), n = 20, Pearson’s r = −0.75,
p < 0.001. Files dataset is available at Figshare public repository in Tsanov 2016 data / Continuous T-maze folder https://figshare.com/s/
b86a9a111353ba04bd32 and Tsanov 2017 data / Continuous T-maze CA1 folder https://figshare.com/s/5c5ba9b2811f3d7b7696.
https://doi.org/10.1371/journal.pbio.2002365.g003
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confirm that injection of AAV-iC++ mostly affected the TH+ neurons, we tested if photoinhi-
bition would trigger place avoidance, which is a behavioral correlate of dopaminergic suppres-
sion [15]. We used a rectangular-shaped linear track because the navigation of the animals
during the baseline recordings was the most evenly distributed between the opposite corners
when compared to other tracks. Light delivery to VTA in the SW area of the track (Fig 4D)
resulted in gradual avoidance of this section, with a decrease of SW/NE passes ratio to 0.79 ±
0.07 of total passes after the first and 0.74 ± 0.05 after the second session, compared to the base-
line ratio of 0.95 ± 0.05 (n = 5 rats, Fig 4E).
Fig 4. Optogenetic suppression of ventral tegmental area (VTA) dopaminergic neurons evokes place avoidance. (A)
Atlas schematic shows chronically implanted animals with optic fiber and tetrodes in the VTA or hippocampal CA1 region.
Middle panels: yellow fluorescent protein (YFP) expression, tyrosine hydroxylase (TH) staining, and their overlay in VTA of TH::
Cre rats injected with Cre-inducible light-activated chloride channel (iC++) adeno-associated virus. The right image shows a
confocal image of the VTA with YFP, TH, and DAPI overlaid. (B) High-magnification confocal images of YFP expression and TH
staining and their colocalization in the VTA. Right image shows a confocal 3D render of the VTA neuron with YFP, TH, and
DAPI overlay. (C) Raster plot from 40 repetitions (above) and firing frequency (below) of optically evoked time-locked inhibition
of a VTA slow-spiking cell. Time 0 indicates the delivery of the first train of the stimulation protocol. (D) Behavioral setup of laser
application (marked with a blue dashed square) in the south and west arms of the rectangular-shaped linear track. Black circles
indicate pellets delivery. The ratio of the passes through the southwest (SW) and northeast (NE) corners (marked with black
dashed squares) was compared between control and photoinhibition sessions. (E) Light-induced place avoidance throughout 5
consecutive days, n = 5 rats, paired t test, day 1, t(4) = 3.545, *p = 0.024; day 2, t(4) = 6.146, **p = 0.004; day 3, t(4) = 2.978,
*p = 0.041; day 4, t(4) = 5.423, **p = 0.006; day 5, t(4) = 4.501, *p = 0.011. Error bars, mean ± SEM. Files dataset is available
at Figshare public repository in Tsanov 2016 data / iC++ electrophysiology and iC++ immunohistology folders https://figshare.
com/s/b86a9a111353ba04bd32.
https://doi.org/10.1371/journal.pbio.2002365.g004
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The spatial distribution of place fields depends on tegmental
dopaminergic activity
To test the hypothesis that reward signals guide the spatial distribution of place field assem-
blies, we analyzed the effect of photoinhibition on the hippocampal place field assembly distri-
bution using the SPV of place cells taken from ensemble recordings in the rectangular-shaped
linear track (Fig 5A). The weighted SPV for the YFP-iC++ group of rats (n = 6 rats, 51 place
cells) shifted from 44.3 ± 1.3˚ to 50.0 ± 3.6˚ (Fig 5B) and 57.2 ± 4.4˚ after the first and the sec-
ond photoinhibition session, respectively (Fig 5D, S5 Table). The observed effect was a conse-
quence of partial place and rate remapping (S10A Fig). The changes in the weighted SPV and
SW/NE passes ratio were significantly correlated (Pearson’s r = −0.24, p = 0.045). No signifi-
cant change was evident for the SPV of the control YFP group of animals (n = 7 rats, 63 place
cells, Fig 5C, S10B Fig) between the baseline 45.4 ± 2.0˚ and the light delivery sessions
Fig 5. Suppression of tegmental dopaminergic activity induces bias in the place field assembly distribution. (A)
Behavioral setup of laser application (marked with a blue dashed square) in the south and west arms of rectangular-
shaped linear track. Black circles indicate pellets delivery. The spatial population vector (SPV) values are measured
between the southwest (SW) corner, where the SPV is 0˚, and the northeast (NE) corner, where SPV is 90˚. The diagonal
between the SW and NE corners indicates SPV of 45˚. Atlas schematic on the right shows the location of the optic fiber in
the ventral tegmental area (VTA) and recording tetrodes in the hippocampal CA1 region. (B) Sample spatial distribution of
the spikes (colored dots) from the place cells (represented by different colors) recorded during the baseline session (left),
first (middle) and second (right) light delivery session from a light-activated chloride channel (iC++) group animal and (C)
from a control yellow fluorescent protein (YFP) group animal. The straight red line denotes the weighted SPV in degrees
between SW at 0˚ and NE at 90˚. (D) Comparison of the weighted SPV in degrees between the baseline (left), first
session (middle) and second session (right) photoinhibition for the iC++ group of rats, n = 6 rats, paired t test, day 1: t(5) =
−2.169, p = 0.082; day 2: t(5) = −3.784, *p = 0.013; and (E) control light application for the YFP group of rats, n = 7, paired
t test, day 1: t(6) = 0.136, p = 0.896; day 2: t(6) = 0.564, p = 0.593. Error bars, mean ± SEM. Files dataset is available at
Figshare public repository in Tsanov 2016 data / Rectangular track folder https://figshare.com/s/
b86a9a111353ba04bd32.
https://doi.org/10.1371/journal.pbio.2002365.g005
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(46.4 ± 3.3˚ and 46.1 ± 3.6˚; Fig 5E; S6 Table). Similarly, the averaged SPV for the YFP-iC++
group shifted from 44.6 ± 1.4˚ to 50.5 ± 2.8˚ and 52.4 ± 4.5˚ after the first and second photoin-
hibition sessions, respectively (S11A Fig). Forced biased navigation towards the NE corner
with concurrent photoinhibition in the NE quadrant resulted in SPV with value opposed to
the photoinhibition zone (42.2˚), showing that SPV is not affected by the path sampling (S12
Fig). These results provide evidence that the dopaminergic signals regulate the place fields’
assembly distribution, which is accompanied behaviorally by navigation preference.
Dopaminergic projections mediate augmentation of place cells’ firing rate
To examine how VTA projections affect hippocampal neuronal spiking, we implanted rats
with an optical fiber and recording tetrodes in the pyramidal layer of dorsal hippocampal CA1
area and injected Cre-dependent AAV, which mediates blue light–induced depolarization of
the dopaminergic neurons in TH::Cre rats [22]. The injection of AAV5-EF1a-DIO-ChR2-
E123T/T159C resulted in specific expression of light-activated channelrhodopsin 2 (ChR2)
tagged with a fluorescent protein in TH+ neurons (Fig 6A). Blue light delivery entrained the
firing of slow-spiking neurons in the lateral VTA (Fig 6B). We evaluated the effect of the light
delivery on the spiking of hippocampal place cells during a pellet-chasing task in open arena.
The photostimulation (473 nm, 50 Hz, 12 pulses, 5 ms pulse duration) was applied every 6 sec-
onds, including intrafield and extrafield passes. We investigated the firing frequency of 22
place cells from 3 rats during the photostimulation protocol with a duration of 250 ms as well
as the neuronal firing in the first 100 ms after the protocol onset (Fig 6C). The spiking of the
place cells increased to 123.8 ± 6.3% of the prestimulation firing rate for the first 100 ms and
112.3 ± 6.7% for the entire protocol of 250 ms (Fig 6D, S7 Table). The photostimulation effect
was mediated by the intrafield spike rate increase, whereas the light delivery did not affect the
number of extrafield spikes (S13A–S13C Fig, S8 Table). Concurrently, the photostimulation
reduced the firing rate of 21 slow-spiking interneurons (cells with firing rate<10 Hz, Fig 6E)
to 86.5 ± 4.4% for the first 100 ms and 78.4 ± 2.7% for 250 ms (Fig 6G, S7 Table). We identified
a functional connection between the slow-spiking interneurons and the place cells (Fig 6F,
S14A–S14C Fig). The spike cross correlation indicates a monosynaptic connection between
cell pairs [23, 24]. The position of the cross correlation peak in relation to time 0 indicated that
the place cells in our recordings were presynaptic, while the slow-spiking interneurons were
the postsynaptic neuron of each pair. These data show that dopamine signal enhances the
excitability of the hippocampal place cells, whereas for a subset of postsynaptic slow-spiking
interneurons, dopaminergic signaling gradually reduces their ability to trigger spikes.
Spatial activation of TH+ projections determines the direction of place
field remapping
To evaluate the causality of VTA activation on the direction of place field center remapping,
we applied photostimulation tangential to the place fields recorded in the open field arena dur-
ing a pellet-chasing task. With the open arena, we have eliminated the goal-directed [11] and
directional place field plasticity [25] occurring in linear tracks with prospective reward loca-
tion. We photostimulated the dopaminergic fibers in hippocampal CA1 of TH-Cre rats
injected in VTA with AVV-ChR2-YFP (Fig 7A) and evaluated the field properties of hippo-
campal place cells (S1 Data). We evaluated the distribution of place cell spikes across the subse-
quent recordings: baseline (Fig 7B), first photostimulation (Fig 7C), second baseline (Fig 7D),
and second photostimulation (Fig 7E). We estimated if there is a shift in the place fields’ COM
and measured the distance (Fig 7F). We compared the field properties of place cells of the
TH-Cre rats injected with AVV-ChR2-YFP (ChR2 group) to the cells from animals injected
Place field distribution encodes place preference
PLOS Biology | https://doi.org/10.1371/journal.pbio.2002365 September 12, 2017 11 / 39
with control viral vector (YFP group, S15A and S15B Fig, S2 Data). We observed a gradual
shift increase of the COM (ΔCOM) between the recording sessions (Fig 7G) for cells (n = 18)
from animals injected with AVV-ChR2-YFP (ChR2, n = 4 rats) but not for cells (n = 16) from
control rats (YFP, n = 3 rats) injected with AVV-YFP. To determine if the place field shift is
directed towards the location of the applied light pulses, we used a specific measure (i.e., Bhat-
tacharyya distance metric [bhatt], Fig 7H). Bhattacharyya distance quantifies the distance
between the distribution of the place cell spikes and the distribution of the light pulses, which
is constant (lower bhatt values mean higher overlap of both distributions). The bhatt value in
our experiments was gradually reduced after the first photostimulation, second baseline, and
Fig 6. Optogenetic excitation of ventral tegmental area (VTA) dopaminergic neurons augments place cells’ spiking. (A) Atlas
schematic shows optic fiber and tetrodes in the VTA or hippocampal CA1. Images below show channelrhodopsin 2 with yellow fluorescent
protein (ChR2-YFP) expression, tyrosine hydroxylase (TH) staining, and their overlay in VTA of TH::Cre rats injected with E123T/T159C virus.
(B) Raster plot from 40 repetitions (above) and firing frequency (below) of optically evoked time-locked excitation of a VTA slow-spiking cell.
(C) Raster plot from 40 repetitions (above) and spike count of 120 repetitions (below) of a sample place cell. Time 0 indicates the onset of the
stimulation protocol. (D) Firing rate of 22 place cells 100 ms after the onset of the stimulation protocol expressed as a percentage of the
prestimulation values, for control (left bar) and photostimulation (middle bar), paired t test: t(21) = −3.910, ***p < 0.001; the right bar shows the
firing rate (% prestimulation) for 250 ms after photostimulation onset, paired t test: t(21) = −1.767, p = 0.092. Error bars, mean ±SEM. (E)
Raster plot and spike count of a slow-spiking interneuron. (F) Spiking cross correlogram between the place cell and the interneuron shown in
(C) and (E), respectively. (G) Firing rate of 21 interneurons 100 ms after photostimulation (% prestimulation), for control (left bar) and
photostimulation, paired t test: t(20) = 3.002, **p = 0.007. The right bar shows the firing rate for 250 ms after photostimulation onset, paired t
test: t(20) = 6.841, ***p < 0.001. Error bars, mean ±SEM. Files dataset is available at Figshare public repository in Tsanov 2016 data / E123T
electrophysiology and E123T immunohistology folders https://figshare.com/s/b86a9a111353ba04bd32.
https://doi.org/10.1371/journal.pbio.2002365.g006
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Fig 7. Dopamine signal directs the shift of place field center of mass (COM). (A) Atlas schematic shows E123T/T159C virus
injection in the ventral tegmental area (VTA) of TH::Cre rats with optic fiber and tetrodes implanted in the hippocampal CA1. (B)
Baseline recording of a sample place cell. Top left panel represents the animal trajectory with spikes (red dots), top middle panel
shows the coordinates of the subsequent laser application (blue dashed lines), and top right panel shows color-coded Bhattacharyya
distance metric (bhatt) overlap between the distribution of spikes and the applied light pulses from the subsequent photostimulation
session (lower bhatt values mean higher overlap of both distributions). Bottom image shows 3D color-coded firing rate map. Blue line
superimposed on the 3D firing map indicates where the laser light was applied. The x-coordinate is indicated with a blue arrow. Note
that the overlapping of the 3D place field and the blue line and arrow is least evident during the first baseline recording. (C) First
photostimulation session of the same place cell (channelrhodopsin 2 [ChR2]). Top middle panel shows the location of the applied laser
light pulses (red dots). (D) Second baseline (baseline 2) and (E) second photostimulation (ChR2 2). (F) 2D color-coded rate maps for
the same recordings (B-E). Comparison of the COM (marked with black circle) between the baseline (top), first photostimulation,
second baseline, and second photostimulation (bottom).ΔCOM is measured by the change of COM location at the x-y coordinate
system. COM andΔCOM values (cm) are shown for each session on the right. Blue dashed lines indicate the laser application. Note
the increasing proximity between the COM and the vertical dashed line. (G)ΔCOM for control (yellow fluorescent protein [YFP], n = 16
cells) and ChR2 (n = 18 cells) groups between the baseline and the first photostimulation, 2-tailed independent t test, t(32) = 2.101,
*p = 0.030; second baseline (base 2), t(32) = 3.042, **p = 0.009; second photostimulation, t(32) = 4.184, ***p < 0.001. Error bars,
mean ±SEM; **p < 0.01. (H) 3D color-coded raw map (above) and smoothed rate map (below) of the overlap between the delivered
light pulses and the place field from the second baseline recording. High overlap is represented by red colors while low overlap is in
blue. (I) Ratio of bhatt values of the baseline relative to the first photostimulation session; second baseline, 2-tailed independent t test, t
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second photostimulation only for the cells from the ChR2 group of rats (Fig 7I, in which the
ratio of baseline over ChR2 increased) but not for the cells from control rats (YFP group, Fig
7I). There was no significant change in the peak and mean place field rate or in the spatial
coherence of the place field (S16A Fig). A transient increase of the field size paralleled the
remapping process (S16B Fig). These data show that photostimulation of the dopaminergic
fibers evoked field plasticity. Furthermore, field ΔCOM shifted towards the stimulus location.
Spatial activation of VTA guides place field plasticity
We next implanted optic fiber for light delivery in VTA to evaluate if the sparse TH+ projec-
tions evoke distributed place field plasticity across the hippocampal network (Fig 8A). The sec-
ond baseline recording showed that the ChR2 group (Fig 8B) of cells shifted their COM
(ΔCOM) 24 hours after the first photostimulation session (6.96 ± 1.21 cm, n = 3 rats, 17 cells,
Fig 8C and 8D), whereas ΔCOM for the control YFP group was smaller (2.51 ± 0.5 cm, n = 3
rats, 16 cells, Fig 8D). The distribution of overlap between the photostimulated field and the
place field measured by bhatt increased only for the ChR2 group (S3 Data) but not for the YFP
controls (Fig 8E). The increased overlap indicates that the direction of ΔCOM shift was tuned
towards the photostimulation coordinates only for the ChR2 group. The correlation between
ΔCOM and Bhattacharyya distance was significant for the ChR2 (Pearson’s r = 0.36, p = 0.036,
Fig 8F) but not for the YFP group (Pearson’s r = 0.05, p = 0.784). We also tested an alternative
method for the activation of VTA projections to the hippocampal formation. Stimulation of
the medial forebrain bundle (MFB) (S17 Fig), which contains dopaminergic projections from
VTA, was expected to exert a similar effect on the place field plasticity. We applied nonselec-
tive electrical MFB stimulation (S18 Fig, S4 Data) and confirmed a significant correlation
between ΔCOM and Bhattacharyya distance (Pearson’s r = 0.37, p = 0.024, S19A Fig). The
increase of ΔCOM was significant after the second MFB stimulation session (4.72 ± 2.94 cm,
n = 5 rats, 18 cells, S19B Fig) compared to the YFP controls. Together, these results indicate
that place cells remap their fields in a direction determined by repeatedly augmented VTA
activity.
Discussion
In this study, we demonstrated that the spatial distribution of hippocampal place cells corre-
lates to the degree of navigation preference. The population code for reward location was evi-
dent after global remapping. The assembly distribution bias of the reward loop cells precisely
reflected the maze geometry previously associated with reward. The dopaminergic VTA fibers
exerted activity-dependent control on the spatial distribution of the place field assemblies.
Finally, the spatial location of the dopamine signal denoted the remapping direction of the
place field’s COM. Our data indicate that the ability of place cells to encode episodic memories
relies on dopamine-dependent place field plasticity.
Evaluation of place field parameters in nonpreferred locations
The spatial environment can be associated with positive or negative context and repetitive
exposure to such environment drives goal-directed behavior [26, 27]. The spatial memory in
(32) = 2.803, **p = 0.009; second photostimulation session, t(32) = 2.863, **p = 0.007 for YFP (n = 16) and ChR2 (n = 18) groups.
Error bars, mean ±SEM. Files dataset is available at Figshare public repository in Tsanov 2016 data addition folder https://figshare.
com/s/b2c6e7a8a0417820720c.
https://doi.org/10.1371/journal.pbio.2002365.g007
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Fig 8. Ventral tegmental area (VTA) activation induces the shift of place field center of mass (COM). (A) Atlas schematic shows
E123T/T159C virus injection and optic fiber implantation in the VTA of TH::Cre rats and tetrodes position in the hippocampal CA1. (B)
Baseline recordings of 2 sample place cells. The upper group of panels shows the first baseline, while the lower group of panels shows
the second baseline. Top left panels represent the animal trajectory with spikes (red dots), top middle panels show the coordinates of
the laser application (blue dashed lines), and top right panels show color-coded Bhattacharyya distance metric (bhatt) overlap between
the distribution of spikes and the applied light pulses from the subsequent photostimulation session (lower bhatt values mean higher
overlap of both distributions). Bottom images show 3D color-coded firing rate maps. (C) First (channelrhodopsin 2 [ChR2], upper panel
groups) and second (ChR2 2, lower panel groups) photostimulation sessions of the same place cells. Top middle panels show the location
of the applied laser light pulses (red dots). (D) Center of mass shift (ΔCOM) between the baseline and the first photostimulation; second
baseline (base 2), 2-tailed independent t test, t(31) = 3.291, **p = 0.002; second photostimulation, t(31) = 3.449, **p = 0.002 for control
group (yellow fluorescent protein [YFP], n = 16 cells) and ChR2 group (n = 17 cells). Error bars, mean ±SEM; **p < 0.01. (E) Ratio of bhatt
values of the baseline relative to the first photostimulation session; second baseline, 2-tailed independent t test, t(31) = 3.423, **p = 0.002;
second photostimulation session, t test, t(31) = 3.289, **p = 0.003 for YFP (n = 16) and ChR2 (n = 17) groups. Error bars, mean ±SEM. (F)
Correlation between bhatt andΔCOM for the ChR2 group, n = 34, Pearson’s r = 0.360, p = 0.036. Files dataset is available at Figshare
public repository in Tsanov 2016 data / Open arena spatial stimulation folder https://figshare.com/s/b86a9a111353ba04bd32.
https://doi.org/10.1371/journal.pbio.2002365.g008
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rodents is behaviorally measured by their navigation in tasks where the rodents learn to associ-
ate reward or aversion with a particular location in the environment [21]. The resulting place
preference is evaluated either by the path of the animals towards the preferred destination or
by the time spent there [15, 16]. One of the main challenges when investigating place cell activ-
ity during place preference tasks is the insufficient path or time spent in the nonpreferred loca-
tion. Insufficient path sampling impedes the formation and evaluation of the place fields [12].
To achieve both place preference and sufficient path sampling in the nonpreferred location,
we used a continuous version of the cross-maze task [28]. This experimental design allowed us
to evaluate the behavior of the animals at both choice points of the maze. The continuous T-
maze protocol did not induce differences in the task demands, and the consistency of the
reward was independent of the animals’ behavior. The continuous T-maze design was set for
the animals to rely on different strategies based on local and distal cues. In this way, the ani-
mals expressed differential navigation preference. The rats with significant place preference
navigation during the probe navigated in this manner not because of the reward location
(equivalent reward was positioned in both corners) but because of the integration of the spatial
cues and reward during the training sessions. T-maze and plus-maze are behavioral setups for
global remapping and this is described as journey-dependent mapping [29]. For this reason,
we have chosen T-maze maze protocol and, subsequently, we have confirmed the global
remapping with our data. The cross correlation of hippocampal pairs indicated global remap-
ping during the probe; however, the distribution of the place cells for some animals was spa-
tially biased, suggesting that the remapping was not random. Our goal here was to show that
accumulation of place fields relates to the degree of preferential navigation, even after scattered
remapping of the fields.
Biased configuration of place fields after global remapping
We showed that place cells from animals preferably navigating in the east loop of the maze
expressed a higher degree of accumulation, represented by the SFC values. A key finding of our
study shows that place field accumulation encodes location-specific reward valence independently
from the spatial representation code, which is reset after the global remapping. This finding sup-
ports the hypothesis that the field accumulation reflects the reward location, corresponding to the
degree of place preference. Spatial configuration of the place fields in different subregions of a
large environment is related to geometric or contextual similarities of these subregions [30]. The
place fields recorded from the preference group of rats were characterized with more asymmetric
configuration, suggesting memory-mediated contextual difference between both loops of the
maze. Our findings demonstrate that the spatial configuration of the place fields varies as a func-
tion of the experience but not the actual reward location (equivalent reward was presented in
both maze corners during the probe). This finding suggests that the place cells from the reward
loop of the training sessions integrated spatial and reward information on a population level
within a functional engram [4, 6]. Thus, after the global remapping during the probe session, the
reward loop cells were distributed predominantly in the section of the maze associated with higher
experience-dependent reward value. To compensate for this spatial representation bias, the nonre-
ward loop cells were distributed predominantly in the opposite loop of the maze during the
probe. Our data support the proposal that place fields encode not only the spatial geometry but
also the reward expectance across the environment [31].
Spatial distribution of place cells is biased for preferred navigation
The study of population dynamics in hippocampal neurons is one of the most powerful tools
for understanding the link between place fields and navigation [32, 33]. To examine the
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proposal that fields distribution relates to preferred location, we used a metric that evaluates
the distribution of the place cells within the Cartesian plane, i.e., SPV. Weighted dimensional
representation of the population dynamics is a new analytical technique in place field data
analysis; however, it is already applied in the decoding of movement direction from motor cor-
tex neuronal ensembles [34]. Using the common computational approach, here we propose
that neuronal populations in different brain circuits share fundamentally similar mechanisms
of information encoding and retrieval. The benefit of the SPV is that it can relate navigation to
the change of assembly field distribution for different forms of remapping such as rate and
place remapping for different experimental conditions and behavioral setups. Previous studies
have investigated place cell spiking for individual journeys of plus-maze tasks [35–37]. Our
experimental design included continuous navigation, which allowed for the estimation of
place preference (measured after the evaluation of repeated behavior) in parallel with the for-
mation of stable place fields (measured after the evaluation of repeated path sampling). The
effect of egocentric inputs was reduced to minimum because the animals were allowed to navi-
gate in opposing directions and the behavior at the choice points relied exclusively on allo-
centric signals. Thus, the directionality of the place fields did not affect the SPV values. To
relate the degree of SPV to scale of preferred navigation, we induced variability of the place
preference behavior among the animals. The dissociation of the distal and proximal cues [38]
during the probe resulted in differential path navigation strategies with sufficient path sam-
pling of both loops. Here, using assembly measures of the remapped place fields, we estab-
lished a link between the spatial distribution of place fields’ ensemble activity and the animal’s
preferred navigation. The firing rate of individual place cells contributes to the SPV, indicating
why weighted SPV correlates better with the navigation preference when compared to the
averaged SPV. The SPV did not depend on the path sampling because the firing rate accounted
for the occupancy of each pixel. The data provide evidence that the hippocampal place field
assembly code closely reflects experience-dependent navigation preference. Our findings show
that hippocampal neurons are not merely mapping the environment but their spatial distribu-
tion encodes learning-adopted location of a prospective reward.
Dopaminergic inputs regulate the distribution hippocampal place fields
To understand the underlying mechanisms of reward-dependent changes in place cells’ activity,
we optogenetically manipulated their dopaminergic inputs. Optogenetic stimulation of hippo-
campal dopaminergic fibers arising from VTA in mice during spatial learning of novel locations
improves the place field stability and stabilizes spatial memory performance [21]. An alternative
way to show the importance of dopaminergic signaling to hippocampal spatial representation is
suppression of the VTA-generated signal. Accordingly, we found that photoinhibition of do-
paminergic VTA activity evoked reconfiguration of the place fields. We used a novel adeno-
associated virus iC++, which triggered chloride-conducting photoinhibition after blue light
application [20]. The suppression of VTA dopaminergic neurons evoked partial place field
remapping and shifted the SPV towards the arm without photoinhibition. Our data provide
direct experimental evidence of the relationship between the hippocampal assembly configura-
tion and the activity of midbrain dopaminergic neurons, encoding salient information [39, 40].
The hippocampal neurons encode newly learned goal locations through the reorganization of
assembly firing patterns in the CA1 region [33, 41] and this process is NMDA-receptor depen-
dent [14]. Our findings highlight the important role of dopaminergic signaling in field assembly
reorganization. Moreover, dopamine-dependent shifts in the SPV indicated the direction of
behavioral navigation preference. Our results extend previous findings that knockout mice for
dopamine receptor D1 receptor do not remap in response to environmental manipulation [42].
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Tegmental dopaminergic signals guide preferential navigation
A major advantage of the use of rats for behavioral optogenetic experiments is the high degree
of path sampling in achieved continuous navigation experiments. This degree of path sampling
is essential for the precise evaluation of the place field parameters, including the COM. We
implanted transgenic TH::Cre rats with optic fibers in the lateral section of the VTA, a region
with a high degree of segregation between the TH and GAD expressing neurons [43]. In addi-
tion, the expression of adeno-associated virus in TH cells shows varying degrees of selectivity
and penetrance; for our expression, the selectivity was 52% for AAV-iC++. This degree of
expression was sufficient for the behavioral response of laser light application in our rectangu-
lar-shaped linear maze. The photoinhibition successfully induced place avoidance after 2 ses-
sions. This finding supports the proposal that midbrain dopaminergic inputs are central to the
integration of salience and hippocampus-dependent memory in rodents [39, 40, 44]. Functional
magnetic resonance imaging (fMRI) studies in humans also confirm that VTA activity correlates
with enhanced learning in the context of novelty [45]. Optogenetic manipulation of VTA cells
allowed us to regulate the reward inputs to the entire dorsal hippocampal network, compared to
local stimulation of dopaminergic fibers. Activation of the sparsely connected dopaminergic
projections can induce a sufficient effect on the hippocampal spatial network to reflect naviga-
tion preference. The system effect of VTA activity on behavior may involve also the ventral stria-
tal neurons that generate firing patterns correlating to task events such as prospective rewards,
goal locations, and sensory stimuli predicting rewards [46, 47]. Another source of dopaminergic
regulation of hippocampal spatial representation may originate from locus coeruleus. Dopamine
coreleasing TH+ neurons in locus coeruleus mediate postencoding memory enhancement and
optogenetic activation of these cells evokes novelty-associated memory enhancement [48].
These recent findings propose that the dopaminergic innervation in the hippocampus may need
to be further examined, with particular focus on the locus coeruleus. Locus coeruleus could
exert a more potent effect on hippocampal physiology and spatial representation compared to
VTA in particular tasks involving novelty exploration and memory formation [48].
Spatial VTA activation determines the direction of field plasticity
The photostimulation of dopaminergic projections in the hippocampus after AAV-ChR2-YFP
virus injection in VTA resulted in increased spiking of the place cells to 123.8%, while slow-
spiking interneurons (with monosynaptic inputs from the place cells) gradually suppressed
their firing to 78.4% throughout the light delivery protocol. The recorded slow-spiking inter-
neurons in the CA1 pyramidal cell layer share characteristics similar to those of Ivy cells,
which are interneurons expressing neuropeptide Y (NPY) or the neuronal nitric oxide (NO)
synthase isoform [49]. Parvalbumin-expressing interneurons in the hippocampal CA1 pyrami-
dal cell layer (basket, bistratified, and axo-axonic cells) often display a faster spiking pattern
[50]. The firing rate of the Ivy cells recorded in behaving animals is 2.4 ± 1.8 Hz during theta
episodes and 3.0 ± 3.6 Hz during non-theta episodes [49]. In our recordings, the average spik-
ing of this group of interneurons was 3.29 ± 2.3 Hz. Paired recordings in vitro showed that Ivy
cells receive depressing excitatory postsynaptic potentials from the pyramidal cells [49]. Simi-
larly, we found that photostimulation-augmented place cell activity was paralleled by gradually
suppressed firing of postsynaptic slow-spiking interneurons. Reciprocally, Ivy cells regulate
the excitability of pyramidal cell dendrites through slowly rising and decaying GABAergic
inputs [49]. Increased firing rate of place cells through disinhibition has been recently pro-
posed as one of the hippocampal mechanisms for rate remapping [51]. A similar mechanism
might mediate the rate remapping observed in our recordings, while the field remapping may
reflect a dopamine-specific plasticity mechanism. The observed suppression of hippocampal
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slow-spiking interneurons might facilitate the experience-dependent plasticity effect of dopa-
minergic inputs on the place cells. Concurrently, we show that optogenetic activation of the
dopaminergic VTA neurons evoked a gradual shift of the COM of the place fields when the
dopaminergic neurons were activated in close proximity to the place field. Furthermore, the
bias of the observed ΔCOM indicated the spatial direction of dopaminergic photostimulation.
Thus, the remapping of COM was evoked by location-specific dopaminergic activation. The
direction of place field plasticity was evaluated by the Bhattacharyya distance overlap. The
observed reduction of bhatt values indicated ΔCOM was due to displacement in the direction
of the stimulation coordinates. Our data show dopamine-dependent place field plasticity,
which may be the spatial substrate of dopamine-mediated long-term synaptic plasticity. Block-
ade of dopamine D1/D5 receptors in CA1 impairs the long-term synaptic plasticity in vivo
[52]. Furthermore, novelty-induced release of dopamine in the hippocampus [53] facilitates
long-term plasticity, which is prevented by blocking of D1/D5 receptors [54]. Finally, long-
term synaptic plasticity is believed to be the cellular mechanism of learning and memory [55].
In summary, our data show that place cells do not passively map the spatial environment in
a Cartesian coordinate system but continually tune their fields to encode the location of pro-
spective reward on population level. The place fields’ spatial plasticity is the key element in
their ability to undergo assembly redistribution in order to mediate memory formation.
Materials and methods
Ethics statement
We conducted our experiments in accordance with directive 2010/63/EU of the European Par-
liament, the council of 22 September 2010 on the protection of animals used for scientific pur-
poses, and the S.I. No. 543 of 2012 and followed the Bioresources Ethics Committee, Trinity
College Dublin, Ireland (individual authorization number AE19136/I037; procedure numbers
230113–1001, 230113–1002, 230113–1003, 230113–1004, and 230113–1005), and international
guidelines of good practice under the supervision of Marian Tsanov, who is licensed by the
Irish Medical Board (project authorization number: AE19136/P003). Lister hooded rats have
been chosen for these experiments because of their anatomical and physiological similarities to
humans. Several steps were taken to minimize stress in the animals, which helped during sur-
gery and recovery. Animals were handled and allowed to grow accustomed to their environ-
ment well before surgery. The surgery was completed as quickly and safely as possible to
reduce the recovery time. The surgery itself was undertaken in aseptic conditions to reduce the
risk of infection and anesthesia was carefully monitored to ensure that the animal was not
stressed or in pain. After the surgery, a painkiller and antibacterial were administered to aid in
recovery. We undertook to comply with all the ethical and security issues by appropriate pro-
tocols to ensure the application of the 3 R’s (reduction, replacement, and refinement).
Animals
Male, 3–6-month-old, Lister hooded TH::Cre rats (Rat Resource & Research Center
P40OD011062, United States) were individually housed for at least 7 days before all experiments
under a 12-h light–dark cycle. The animals accessed water ad libitum. Rats were food deprived
to 80% of their original weight. The recording sessions were conducted during the light phase.
Surgical implantation of recording electrodes
Eight tetrodes were implanted in the hippocampal CA1 area: −3.8 AP, 2.3 ML, and 1.8 mm
dorsoventral to dura. For recordings of dopaminergic neurons, 8 tetrodes were implanted
Place field distribution encodes place preference
PLOS Biology | https://doi.org/10.1371/journal.pbio.2002365 September 12, 2017 19 / 39
unilaterally in VTA: 5.7 AP, 1.9 ML, angle 10o medially, and 8.0 mm dorsoventral to dura. We
targeted the lateral VTA due to greater colocalization of TH and targeted dopaminergic neu-
rons in the TH-Cre rodent lines compared to the medial VTA [56].
Recording techniques
The recordings were performed as previously described [57]. After a minimum 1-week recov-
ery, subjects were connected via a 32-channel headstage (Axona Ltd.) to a recording system,
which allowed simultaneous animal position tracking. Signals were amplified (10,000–
30,000-fold) and band-pass filtered between 380 Hz and 6 kHz for single-unit detection. To
maximize cell separation, only waveforms of sufficient amplitude (at least 3 times the noise
threshold) were recorded. Candidate waveforms were discriminated offline using graphical
software (Tint, Axona Limited), which allows waveform separation based on multiple features
including spike amplitude, spike duration, maximum and minimum spike voltage, and the
time of occurrence of maximum and minimum spike voltages. To verify that spike sorting
analysis targets the recording from individual cells, we examined the following parameters for
each unit: (1) waveform, the spike from a single neuron is characterized with consistent ampli-
tude and time of occurrence of maximum and minimum spike voltages, (2) spike cluster, the
spike cluster of an individual spike has a characteristic shape and it is located at consistent
coordinates on the cross-amplitude scatterplots, (3) spike autocorrelogram, the first 2 ms rep-
resent the refractory period. Autocorrelation histograms were calculated for each unit, and the
unit was removed from further analysis if the histogram presented spiking within the first 2
ms (refractory period), inconsistent with good unit isolation. Only stable recordings across
consecutive days were further analyzed. The stability of the signal was evaluated by the cross
correlation of spike amplitudes and similarity comparison of the spike clusters between the
training sessions. Electrode stability was assessed offline by comparison of waveforms and
cluster distributions. The single-unit signals of the last recording session and the probe were
compared for waveform similarity, cluster location, size, and boundaries. Peak and trough
amplitudes of the averaged spike waveforms were compared by Pearson’s r [36]. r values 0.9
indicated that the same populations of cells were recorded throughout the last recording ses-
sion and the probe.
Hippocampal unit identification and spatial firing analysis
We analyzed the single-unit recordings as previously described [57]. Single hippocampal pyra-
midal cells and interneurons were identified using spike shape and firing frequency character-
istics [58]. Firing rate maps allow for visual inspection of neurons’ preferred areas of firing
(i.e., place fields). They were constructed by normalizing the number of spikes that occurred
in specific pixelated coordinates by the total trial time the animal spent in that pixel. This pro-
duced maps depicting the place fields of each cell and quantified in Hz (smoothed maps).
Place field was defined as the region of the arena consisting of at least 9 adjacent bins, which
contain spikes. We defined place field size as the region of the arena in which the firing rate of
the place cell was 20% or greater of the maximum firing frequency [59]. We used multiple
measures to analyze the spatial properties of the hippocampal place cell firing (i.e., place field
size, spatial selectivity, spatial coherence, and spatial specificity information content). The spa-
tial information of a firing field (ratio of maximal signal to noise) was calculated by dividing
the firing rate of the cell in the bin with the maximum average rate by its mean firing over the
entire apparatus. Spatial coherence consists of a spatial autocorrelation of the place field map
and measures the extent to which the firing rate in a particular bin is predicted by the average
rate of the 8 surrounding bins. Thus, high positive values result if the rate for each bin can be
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better predicted from the firing frequency of a neighboring location. With each spatial auto-
correlation performed on the place field map, a p value is calculated, indicating whether the
correlation is statistically significant. Place field activity is not considered to be spatially coher-
ent if the p value is greater than 0.001. The spatial information (or spatial specificity) is
expressed in bits per spike and is calculated as follows
I ¼
X
i
Piðli=lÞ log2ðli=lÞ
where λi is the mean firing rate in bin i, λ is the overall mean firing rate, and Pi is the occu-
pancy probability of bin i. The spatial specificity index is a measure of the amount of informa-
tion about the location of the animal conveyed by a single spike generated by a single place
cell.
Global remapping
Global remapping indicates relocation of the place field for each of the recorded place cells.
Due to the binning of the T-maze (10 cm width, 85 cm length of the leg arms) for place field
analysis (2.5 cm/bin), the chance of a place field composed of3 x 3 bins to appear on the
same location during a random global remapping is 1/43 (2.32%). Consistent with this predic-
tion, 5/179 (2.79%) of the remapped cells kept their location in respect to the maze geometry
(mirror representation), while 6/179 (3.35%) kept their location in respect to the distal cues
(opposite representation). The global remapping was evaluated by the cross correlation of
pairs of cells between the training session and the probe, which represents the degree of spatial
overlap between the place cells. Color-coded cross-correlation matrices visualize the Spear-
man’s correlation between each pair of cells. Full overlap of the maps is denoted with red and a
value of 1; no overlap is denoted with green and a value of 0, and a spatially inversed map is
denoted with blue and a value of −1. For statistical analyses, the correlations were transformed
into z values.
Continuous T-maze task
The continuous T-maze task evoked a reward-driven place preference, the location of which
was associated with both maze geometry (source of proximal cues) and distal allocentric cues.
The identification of the distal cues was designed in a manner in which approximately half of
the animals would rely on them for spatial navigation (see below). During the training ses-
sions, the animals were placed on the starting choice point and allowed to explore the maze
(10 cm width, 85 cm length of the leg arms). The access to the opposite T-maze was discon-
nected. Two pellets (TestDiet, Formula 5TUL) were continuously positioned at the end of the
SW corner (reward zone), while no pellets were positioned in the NE corner. In 33% of the
passes, 1 pellet was positioned at the central choice point and in 33% of the passes, 1 pellet was
positioned at the starting choice point. In the remaining 33% of the passes, no pellet was pres-
ent at the choice points. The sequence of pellet positioning in the choice points was random.
In this way, the animals adopted continuous locomotion in a loop pattern through the choice
points. Direct passes between the SW and NE zones were not rewarded with pellets. The ani-
mals were allowed to navigate in both clockwise and anticlockwise directions of both arms. As
such, the animals were not able to rely only on egocentric learning, as the central and the start-
ing choice points required opposite head turns. Thus, the animals were required to learn to
navigate with reference to proximal cues (choice point shapes) and/or distal cues (white plus,
grey star, blue square, and yellow circle signs attached on the black curtains surrounding the
maze). The duration of each trial was 12 minutes. Rats were given 3 daily training trials over 3
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consecutive days (9 trials in total). On Day 4, the animals were given the probe trial. During
the probe trial, the animals were placed on the starting choice point of the opposite T-maze,
while access to the training T-maze was disconnected. In this way, the rats were exposed to the
same proximal but opposite distal cues. Two pellets were constantly positioned in both the SW
and NE corners. The training and the probe recordings took place in a room with 4 distal cues
(size A4) and luminosity of 10–15 lux. The luminosity was set at a level such that there was
approximately 50% probability that the rats would rely on allocentric navigation, dependent
on distal cues [28]. The luminosity level determines the navigation strategy of the animals in
the probe session of the continuous T-maze task. High luminosity (>20 lux) allowed the rats
to identify the distal visual cues and use them as a spatial reference. During the probe, the con-
flict between the distal and proximal (choice point shapes) cues results in a split navigation
strategy towards both arms. Low luminosity (<5 lux) results in navigation guided predomi-
nantly on the proximal maze cues, as the distal cues are an insufficient reference for spatial ori-
entation. The task was designed to distinguish between allocentrically guided preferential and
nonpreferential navigation, with a sufficient number of passes in the nonpreferential section of
the maze. An insufficient number of passes results in incomplete experience for the formation
of place fields and invalidates the evaluation of their properties [12]. Hippocampal neurons
require 5–6 minutes of experience to form a stable spatial representation in a novel environ-
ment [13].
Binomial probability
The chance level of preferential versus nonpreferential navigation was based on the number of
passes from the choice points towards each of the corners, given the total number of passes.
The binominal probability mass function was calculated as follows
f x; n; pð Þ ¼
n!
x!ðn   xÞ!
px ð1   pÞn  x
where x is the number of passes from the choice points towards 1 direction (south or east
loops), n is the number of passes, and p is the probability of a pass outcome towards a certain
direction.
SFC
SFC for continuous T-maze was based on a smoothed rate map with the size [M x M] bins and
the corresponding place field map containing N place subfields. The resulting map is grouped
to 6 levels (>0, >1/6 fmax,,>2/6 fmax, >3/6 fmax, >4/6 fmax, >5/6 fmax) according to the maxi-
mum firing frequency of the rate map (fmax) and separated into leveled place fields. The maps
are binary. For each level l {l 2 N| 2 l 6} an [N x N] relation matrix is created by the over-
lap between each map (mn,l) and each transposed map (mtm;k) of the same or lower level and
the transposed place field map (pf tp )
Rl ¼
r1;1;l r1;m;l    r1;N;l
rn;1;l rn;m;l    rn;N;l
..
. ..
. . .
. ..
.
rN;1;l rN;m;l    rN;N;l
2
6
6
6
6
6
6
4
3
7
7
7
7
7
7
5
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The [N x N]-sized relation matrix displays the relations between place field n at level l and
place field m:
rn;m;l ¼ A
  1
n;l  on;m;l
The relation between place field n at level l and place field m (rn,m,l) is the overlap between
place field n at level l and place field m (on,m,l), normalized by the area of place field n at level l
(An,l).
on;m;l ¼
XM
i¼1
XM
j¼1
mn;lði; jÞ  pf
t
mði; jÞ þ
Xl
k¼2
mtm;kði; jÞ
 !
The overlap between place field n at level l and place field m is the sum of the product of the
value of bin (i,j) of place field n at level l (mn,l(i,j)) and the value of the bin (i,j) transposed place
field map (pf tmði; jÞ) and the value of the bins (i,j) transposed maps of place field m at all levels
equal and smaller level (mtm;kði; jÞ).
An;l ¼ l 
XM
i¼1
XM
j¼1
mn;lði; jÞ
where An,l is the area, expressed by the number of bins, of place field n at level l weighted by
the level l.
From the relation matrix, we calculate the SFC (SFCl) for each level by summing the rows
of the relation matrices and weighting these sums by the ratio of the area of place field n at
level l to the sum of the areas of all place fields in level l (wnl).
SFCl ¼
XN
n¼1
wn;l
XN
m¼1
rn;m;l
wn;l ¼
An;l
PN
n¼1An;l
The place SFC of the firing characteristics of the cell is the average of the field distributions
of each level weighted by the ratio of the area of all place fields in level l to the sum of the area
of all place fields in all levels (Atotal)
SFCspat¼
X6
l¼2
SFCl 
PN
n¼1An;l
Atotal
Atotal ¼
X6
l¼2
XN
n¼1
An;l
where SFCspat is the SFC value.
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COM
The COM of the place cells’ spike distribution is calculated as follows
COMx ¼
PNx
i¼1
PNy
j¼1fij  i
PNx
i¼1
PNy
j¼1fij
 lbin  
lbin
2
COMy ¼
PNx
i¼1
PNy
j¼1fij  j
PNx
i¼1
PNy
j¼1fij
 lbin  
lbin
2
where Nx, Ny define the number of bins in the arena in X-, Y- direction; fi,j is firing frequency
in bin i, j; and lbin is the bin size.
Given the origin O (Ox,Oy), which denotes the NW corner of the Cartesian coordinate sys-
tem, and the direction of the symmetry axis D (Dx,Dy), which denotes the line between the SW
and NE corners, the distance of the COM (COMx,COMy) to the symmetry axis is calculated as
follows
distCOM=sym ¼
det
Dx   Ox Dy   Oy
COMx   Ox COMy   Oy
" #









ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPx   OxÞ
2
þ ðDy   OyÞ
2
q
where P is the shortest distance between the COM and the symmetry line. For the rectangular-
shaped linear track, the arena borders are defined as the square surrounding all motion-track-
ing sample points with an equal distance to the real limits of the arena at all sides. For the con-
tinuous T-maze track, the borders are defined as the hypotenuse of the arena, which is
congruent with the diagonal connecting the SW and the NE corners.
Using distCOM, we calculated the distance between O and P as follows:
OP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCOMx
2 þ COMy
2Þ   distCOM
2
q
The COM distance normalized by the arena width perpendicular to the symmetry axis
through the COM is
distnorm ¼
distCOM
OP  C
;OP <
OM
2
distCOM
ðOM   OPÞ  C
;OP >
OM
2
8
>
><
>
>:
9
>
>=
>
>;
where OM is the diagonal of a square enclosing all motion-tracking data points and C is a
motion-tracking data factor set to 0.95 for the continuous T-maze and 0.85 for the linear rect-
angular track.
COM angle
The COM angle is then calculated as follows
yCOM ¼
(
45  ð1   distnormÞ;COMx < COMy
45  ð1þ distnormÞ;COMx > COMy
)
Place field distribution encodes place preference
PLOS Biology | https://doi.org/10.1371/journal.pbio.2002365 September 12, 2017 24 / 39
Using an SFC angle θSFC, we set a numerical value for the SFC, SFCspat (0: no symmetry, 1:
maximum symmetry), and the location of the COM:
ySFC ¼
(
SFCspat  45
;COMx < COMy
90   SFCspat  45
;COMx > COMy
)
SFCspat: SFC value; COMx, COMy: X-, Y- coordinate of COM
SPV
We used the population vector of the place field distribution D as well as the grand rate popula-
tion vector F to describe the common behavior of the whole population of place cells recorded.
The population vector of place field distribution consists of the COM angle of each cell θCOM,n,
where n indicates the cell index
Dn ¼ yCOM;n
Fn ¼
sn
Dttot
where Sn is number of spikes of cell n; Δttot is duration of the measurement.
The SPV weighted by the mean firing frequency of the cells SPVweighted is calculated as the
dot product of the grand rate population vector F and the population vector of place field dis-
tribution D normalized by the 1-norm of the grand rate population vector
SPVweighted ¼
F  D
kFk1
and the average SPV, SPVavg, is defined as the 1-norm of the population vector of place field
distribution D, normalized by the number of place cells N in the population
SPVavg ¼
kDk1
N
The 1-norm of a vector is defined as the sum of its elements
kFk1 ¼
XN
n¼1
jFnj; kDk1 ¼
XN
n¼1
jDnj
All algorithms were created using MATLAB.
Virus construction and optical activation
We used a Cre-inducible viral construct designed for optogenetic purposes [22, 60]. pAA-
V5-Ef1a-DIO-hChR2(E123T/T159C)-EYFP-WPRE-pA was serotyped with AAV5 coat pro-
teins and packaged by Vector Core at the University of North Carolina. Viral titers ranged
from 1.5–8 x 1012 particles per mL [22]. AAV8-EF1a-DIO-iC++-TS-EYFP was serotyped with
AAV8 coat proteins, in a titer of 4.3 x 1012 particles per mL, provided by Karl Deisseroth (Stan-
ford University). For control experiments, we used virus bearing only the YFP reporter [22].
Randomization of group allocation (iC++ or E123T/T159C versus YFP controls) was per-
formed using an online randomization algorithm (http://www.randomization.com/). The
virus injection was applied unilaterally in the VTA (5.7 AP, 1.9 ML, angle 10˚ medially), with
volume of 2 μl injected on 2 levels: 1 μl at 8.0 mm and 1 μl at 9.0 mm dorsoventral to the dura.
Subsequently, an optical fiber (200-μm core diameter, Thorlabs, Incorporated) was chronically
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inserted (5.7 AP, 1.9 ML, 8.0 DV, angle 10˚ medially). Simultaneous optical stimulation of the
VTA and extracellular recording from CA1 were performed in freely behaving rats 3 weeks
after the surgery. For the concurrent recordings in the hippocampal CA1 region, the optical
fiber was inserted inside the microdrive cannula (Axona, Limited) of the recording tetrodes,
with the tip of the tetrodes projecting beyond the fiber by 500 μm, and the optical fiber was
coupled to a 473-nm laser (Thorlabs, Incorporated). The light power was controlled to be 10–
15 mW at the fiber tip. Square-wave pulses with duration of 5 ms were delivered at frequency
of 50 Hz.
Rectangular-shaped linear track
The animals were trained to navigate between the SW and NE corners, where 2 pellets were
continuously positioned. The animals were allowed to navigate in both clockwise and anti-
clockwise directions of the rectangular-shaped linear track (10 cm width, 85 cm length of the
arms). For the optic stimulation sessions, the laser was switched on when the animal entered
the north arm or the west arm, with continuous photostimulation trains (473 nm, 50 Hz, 5 ms
pulse duration, 12 pulses per train, 0.5 sec intertrain interval) until the animal exited this sec-
tion of the track. The duration of each session was 12 minutes. Because the detection of our
dependent variable (navigation preference) was independent of the experimenter, we did not
use a blinding process for group allocation or behavior scoring.
Open field arena
For the open field recordings, the rats were placed in a square arena (60 x 60 cm) and 20-mg
food pellets were thrown in every 20 seconds to random locations within the open field
(pellet-chasing task); in this way, animals locomoted continuously, allowing for complete
sampling of the environment. For optogenetic stimulation of dopaminergic fibers in the hip-
pocampus, we applied photostimulation (473 nm, 50 Hz, 12 pulses, 5 ms pulse duration)
every 6 seconds during a recording session with duration of 12 minutes. We evaluated the
pre- and poststimulation firing rates for 100 and 250 ms before and after the onset of the
blue light train. For optogenetic stimulation of dopaminergic VTA neurons, a single train of
photostimulation (473 nm, 50 Hz, 12 pulses, 5 ms pulse duration) was applied when the ani-
mal crossed the borders of the selected quadrant. The experiment consisted of 4 recording
sessions: first a baseline, followed by a first photostimulation session; 24 hours later, a second
baseline (baseline 2) was followed by a second photostimulation session (ChR2 2). The blue
laser was synchronized with the video tracking and with the recoding system through
DACQBASIC scripts (Axona. Limited). The chosen duration of 12 minutes allowed the rats
to explore evenly the arena in 2 subsequent recordings per day (baseline and stimulation ses-
sions) for 2 consecutive days. Baseline recordings >15 minutes result in insufficient explora-
tion of the subsequent stimulation session, while recordings <10 minutes reduced the
sampling of the explored environment. The rats were habituated to the square arena before
the recordings.
Bhattacharyya distance
Bhatt is a parameter that quantifies the distance between 2 equally sized probability distribu-
tions [61], in which a complete overlap of 2 identical distributions is 0 bhatt. Bhattacharyya
distance values are unaffected by the scale of the distributions. The Bhattacharyya distance JB
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between the distributions p1 and p2 is given by:
JBðp1; p2Þ ¼   log
Z
x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p1ðxÞ  p2ðxÞ
p
dx
MFB stimulation
We delivered electric current through electrodes (SNEX-300, Kopf Instruments) implanted in
the MFB: −3.3 AP, 1.8 ML, and 7.8 mm dorsoventral to dura. The stimulation protocol was
generated by a constant current bipolar stimulus isolator (A365D, World Precision Instru-
ments, Incorporated), which was controlled through a TTL input from the recording system
[57]. The protocol consisted of 4 bursts, with each burst containing 3 pulses at 10 ms (100 Hz),
with an intertrain interval of 125 ms (8 Hz). The current intensities were in the range of 50–
200 μA [62] and were fine-tuned individually with respect to the amplitude of the test-pulse
stimulus artifact. The stimulus isolator was synchronized with the video-tracking system
through DACQBASIC scripts (Axona. Limited). The electrical stimulation was applied when
the animal crossed the borders of the selected quadrant. The experiment consisted of 4 record-
ing sessions: first a baseline, followed by a first MFB stimulation session; 24 hours later, a sec-
ond baseline (baseline 2) was followed by a second MFB stimulation session (MFB 2).
Histology
At the end of the study, brains were removed for histological verification of electrode localiza-
tion, as previously described [57]. Rats were deeply anesthetized with sodium pentobarbital
(390 mg/kg) and perfused transcardially with ice-cold 0.9% saline followed by 4% paraformal-
dehyde. Brains were removed, postfixed in paraformaldehyde for up to 24 hours, and cryopro-
tected in 25% sucrose for >48 hours. Brains were sectioned coronally at 40 μm on a freezing
microtome. Primary antibody incubations were performed overnight at 4˚C in PBS with BSA
and Triton X-100 (each 0.2%). The concentration for primary antibodies was anti-TH 1:200
(Millipore, #MAB318). Sections were then washed and incubated in PBS for 10 minutes and
secondary antibodies were added (1:200) conjugated to Alexa Fluor 594 dye (Invitrogen, #
A11032) for 2 hours at room temperature. For visualization, the sections were mounted onto
microscope slides in phosphate-buffered water and coverslipped with Vectashield mounting
medium. The YFP fluorescence was evaluated within a selected region that was placed below
the fiber tip in an area of 1.5 x 1.5 mm. Fluorescence was quantified based on the average pixel
intensity within the selected region [22]. The stained sections were examined with an Olympus
BX51 fluorescence microscope and an Olympus IX81 confocal microscope at 594 nm for
Alexa Fluor secondary antibody and 488 nm for ChR2-YFP. TH-positive neurons were identi-
fied based on expression of red fluorescence, whereas ChR2-positive neurons were identified
by expression of green fluorescence. Colocalization of Alexa Fluor 594 and YFP was deter-
mined manually using ImageJ software (Image Processing and Analysis in Java).
Quantification and statistical analysis
Two different approaches were used to calculate the sample size [63]. We performed power
analyses to establish the required number of rats for experiments in which we had sufficient
data on response variables. For experiments in which the outcome of the intervention could
not be predetermined, we used a sequential stopping rule. This approach allows null-hypothe-
sis tests to be used subsequently by analyzing the data at different experimental stages using t
tests against type II error. The experiment was initiated with 4 animals per group; if the p
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reached a value below 0.05, the testing was continued with 2 or 3 more animals to increase the
statistical power. In case of p> 0.36, the experiment was discontinued and the null hypothesis
was accepted [63]. All data were analyzed using SPSS Software. Statistical significance was esti-
mated by using a 2-tailed independent samples t test for nonpaired data or a paired samples
Student t test for paired data. Repeated measures were evaluated with 2-way analysis of vari-
ance (ANOVA) paired with post hoc Bonferroni test. Correlations between datasets were
determined using Pearson’s correlation coefficient. The probability level interpreted as signifi-
cant was fixed at p< 0.05. All data points are plotted ± SEM.
Supporting information
S1 Fig. Differential navigation in continuous T-maze task. (A) Navigation trajectory from
the preference group of animals (n = 10) during the last training session (left panels) and during
the probe (middle panels). The right panels show the respective time rate maps, where darker
grey represents pixels with longer dwell time. The numbers on the right show the SW/NE passes
ratio for each animal. They are presented in order from the lowest to the highest value. (B) Navi-
gation trajectory from the non-preference group of animals (n = 10) during the last training ses-
sion (left panels) and during the probe (middle panels). The right panels show the respective
time rate maps, where darker grey represents pixels with longer dwell time. The numbers on
the right show the SW/NE passes ratio for each animal. They are presented in order from the
lowest to the highest value. Files dataset is available at Figshare public repository in Tsanov 2016
data / Continuous T-maze folder https://figshare.com/s/b86a9a111353ba04bd32 and Tsanov
2017 data / Continuous T-maze CA1 folder https://figshare.com/s/5c5ba9b2811f3d7b7696.
(TIF)
S2 Fig. Stability of recorded single-units during global remapping. (A) Scatterplot, showing
the signals from multiple units recorded between each pair of electrodes on a given tetrode
from sample training session. The color-coded clusters represent the spikes from each unit at
the scatterplot. The spike sorting technique compares the amplitude of the recorded signal
between each electrode tip (A1, A2, A3, A4). The maximal waveform amplitude of each unit is
measured at different electrode. Each waveform is represented by different spike shape, mea-
sured by the peak-trough amplitude of the spike. (B) Spike clusters of multiple cells from
probe session. To confirm the stability of the signal after multiple recordings across consecu-
tive days the spike waveform and the position of the spike clusters in the 6 electrode-pair scat-
terplots were examined between recording sessions. The stability of the waveform is evaluated
by the position of each spike cluster on the two-dimensional comparison by the peak-trough
amplitude on one electrode against the peak-trough amplitude on another. The probe session
was characterized with activation of a new place cell (the new spike cluster is marked with
black asterisk). (C) Displacement of the tetrodes results in simultaneous change of the clusters
location across all electrode tip pairs. The scaterplot shows the rearrangement of the spike clus-
ters after 50 μm lowering of the implanted microdrive. Note the change of the clusters loca-
tions compared to the training (A) and probe sessions (B) per each electrode pair. (D) The
stability of the spike signal between the training (left) and probe session (middle) is evaluated
by the peak-trough amplitude of the spike and the the time of occurrence of maximum and
minimum spike voltages for all four electrode channels. The highest amplitude of the recorded
signal for the blue spikes is expressed at the third electrode channel. Note the change of the
spike shape at the third electrode after 50 μm microdrive lowering (right). Note also the
increase of the spike amplitude in the rest of the electrode channels. (E) Above: colour-coded
cross-correlation matrix of the raw maps for simultaneously-recorded cells during training (y-
axis) and control probe sessions (x-axis) from a control rat. Below: Colour-coded cross-
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correlation matrix of the smoothed maps for the same cells. For the control probe the maze
was not rotated but kept in the same position as during the preceding training session. Each
bin represents Spearman’s correlation between a pair of cells, which shows the degree of spatial
overlap between them. Full overlap of the maps is denoted with red and value of 1, no overlap–
green and 0, and spatially inversed map with blue and– 1. The abbreviations #t#c represent the
number of recording tetrode and the number of recording cell, respectively. (F) Colour-coded
cross-correlation matrices of the smoothed maps recorded from four sample rats. Note the less
symmetric distribution of the coloured bins across the symmetry axis (the diagonal marked by
the white bins) compared to the control probe (E). (G) Cross-correlogram of the smoothed
rate maps from a control rat. Spearman’s r = 0.72, P< 0.001. (H) Cross-correlogram of the
smoothed rate maps from four sample rats. Spearman’s r = 0.04, P = 0.73, Spearman’s r =
-0.05, P = 0.55, Spearman’s r = 0.11, P = 0.24, Spearman’s r = 0.01, P = 0.89. For statistical anal-
yses the correlations were transformed into Z-values. Files dataset is available at Figshare pub-
lic repository in Tsanov 2017 data /T-maze field correlations individual pairs / T-maze field
correlations all pairs per rat folder https://figshare.com/s/5c5ba9b2811f3d7b7696.
(TIF)
S3 Fig. Remapping of the place cells during T-maze probe session. (A) Color-coded firing
rate maps of 45 sample place cells recorded during the training (left) and probe session (right)
from 5 rats from the preference group (rats 1–5). (B) Color-coded firing rate maps of 45 sam-
ple place cells recorded during the training (left) and probe session (right) from 5 rats from the
non-preference group (rats 6–10). The number of recorded spikes of each place cell is shown
below the maps. Files dataset is available at Figshare public repository in Tsanov 2016 data /
Continuous T-maze folder https://figshare.com/s/b86a9a111353ba04bd32 and Tsanov 2017
data / Continuous T-maze CA1 folder https://figshare.com/s/5c5ba9b2811f3d7b7696.
(TIF)
S4 Fig. Evaluation of the center of mass spatial location during the probe. (A) Three sample
place cells recorded from the reward loop of the training sessions (reward loop cells) from
three representative animals. Upper panels show the animal trajectory with spikes, marked
with colored dots and their color-coded firing rate map (right) from the last training session.
Lower panels show the animal trajectory with spikes (left) and their place fields’ color-coded
firing rate maps (right) from the probe session. The center of mass (COM) is indicated with
black mark at the end of the red line. The straight red line denotes the direction (in degrees) of
center of mass angle (COMa) between SW at 0˚, NE at 90˚ with midline at 45˚. (B) Sample
place cell which was absent from the reward loop of the training sessions (non-reward loop
cells). (C) COM angle values from the preference and non-preference groups are reported for
the reward loop cells. Two-tailed independent t-test test, left: for the non-reward loop cells
n = 90 cells (preference group), n = 89 cells (non-preference group), t(177) = 5.477, P<
0.001; middle: for the non-reward loop cells, n = 33 and n = 30, respectively, t(61) = -2.137,
P = 0.037; and left: for all cells, n = 123 and n = 119, respectively, t(240) = 3.274, P = 0.001.
Error bars, mean ± s.e.m. (D) Schematic representation of the COM location (indicated with
black mark at the end of the red lines) for the four cells from (A-B). The red line connects
COM with the starting coordinate to form an angle with the horizontal dashed line indicating
0 degrees. (E) Spike waveform of a sample place cells from each animal (n = 20), recorded
from the last training session (above) and from the probe (below). For each waveform, the
solid line is the average waveform shape, and the dashed lines show the 1 SD confidence inter-
vals. The y-axis scale denotes the amplitude of the action potential in microvolts (negativity is
up), and the dotted horizontal line through 0 denotes the baseline potential. The length of the
x-axis represents 1 ms. Files dataset is available at Figshare public repository in Tsanov 2016
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data / Continuous T-maze folder https://figshare.com/s/b86a9a111353ba04bd32 and Tsanov
2017 data / Continuous T-maze CA1 folder https://figshare.com/s/5c5ba9b2811f3d7b7696.
(TIF)
S5 Fig. The place field assembly distribution differs between the animals from the pre-
ference and non-preference groups. (A) Spatial distribution of the spikes (colored dots)
from the reward loop cells (represented by different colors) recorded from seven preference
group animals and (B) from seven non-preference group animals. The straight red line denotes
the weighted spatial population vector (SPV in degrees) between SW at 0˚ and NE at 90˚. (C)
Spatial distribution of the spikes (colored dots) from the all cells (represented by different col-
ors), including reward and non-reward loop cells recorded from the preference and (D) non-
preference group animals, respectively. Files dataset is available at Figshare public repository
in Tsanov 2016 data / Continuous T-maze folder https://figshare.com/s/b86a9a111353ba
04bd32 and Tsanov 2017 data / Continuous T-maze CA1 folder https://figshare.com/s/
5c5ba9b2811f3d7b7696.
(TIF)
S6 Fig. Forced navigation during the probe of continuous T-maze task. (A) Biased naviga-
tion trajectory from the sample animal during the last training session (left panel) and during
the probe (right panel). After the animal explored the east track of the maze in each direction,
the access to this arm was restricted. If the rat was approaching towards the east track either
from the north or from the south side (marked with red arrows) the experimenter actively
guided the animal towards the opposite direction. As a result, the rat navigated four times
more often towards SW compared towards NE corner (the SW/NE passes ratio = 4) from the
choice points. The forced navigation technique was chosen instead of compartmental obstruc-
tion for particular section of the maze. The compartmentalization of recording arena evokes
remapping of place fields [1]. (B) Respective time rate map, where darker grey represents pixels
with longer dwell time. Note that SW corner is the location with the longest dwell time. (C)
Weighted spatial distribution of the spikes (colored dots) from the all cells (represented by dif-
ferent colors) recorded, with SPV value of 52.6˚. The weighted SPV value for the spikes only
from the reward loop cells was 51.3˚. Files dataset is available at Figshare public repository in
Tsanov 2017 data / Continuous T-maze forced navigation folder https://figshare.com/s/
5c5ba9b2811f3d7b7696. 1. O’Keefe J, Burgess N. Geometric determinants of the place fields of
hippocampal neurons. Nature. 1996;381(6581):425–8. 8632799.
(TIF)
S7 Fig. Tegmental slow-spiking activity bias for the preferred navigation during the probe
of continuous T-maze task. (A) The behavioral set-up of the continuous T-maze for the ven-
tral tegmental recordings was the same as for the hippocampal recordings. In this case we eval-
uated the direction of the passes from the starting choice point (marked with a white arrow)
and the central choice point as well as the firing rate of the recorded neurons for each direction
(towards SW versus towards NE direction). (B) Representation of the passes from preference
group rat towards the SW corner (in red) and towards NE corner (in blue) from the central
choice point (above) and from the starting choice point (below). (C) Comparison of the firing
rate ratio of southwest (SW) to northeast (NE) passes. Error bars, mean ± s.e.m., n = 16 cells
from 3 rats (preference group), n = 14 cells from 4 rats (non-preference group), two-tailed
independent t-test test, t(28) = -6.737, P< 0.001. (D) Respective time dwell map, of sample
preference group animal, where darker grey represents pixels with longer dwell time. Note
that NE corner is the location with the longest dwell time. (E) Color-coded firing rate maps
from six cells for the same sample animal from the preference group. Each cell is represented
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with four pairs of panels: top left pair is path trajectory (black lines) with spikes (blue dots) and
firing map from the last training session; bottom left pair is path trajectory (black lines) with
spikes (blue dots) and firing map from the probe; top right pair is path trajectory with spikes
from the probe choice points only for passes towards the NE corner (green dots) and respec-
tive firing rate; bottom right pair is path trajectory with spikes from the probe choice points
only for passes towards the SW corner (yellow dots) and respective firing rate. Note the differ-
ence for the maximum firing rate between NE and SW passes (the values are displayed in the
rate map insets). Files dataset is available at Figshare public repository in Tsanov 2017 data /
Continuous T-maze VTA folder https://figshare.com/s/5c5ba9b2811f3d7b7696.
(TIF)
S8 Fig. Expression of iC++ AVV in the ventral tegmental area of TH::Cre rats. (A) YFP expres-
sion, tyrosine hydroxylase (TH) staining and their overlay in the VTA of TH::Cre rats injected
with cre-inducible iC++ adeno-associated virus. (B) High-magnification confocal image shows
confocal 3D view of a VTA neuron with YFP, TH and DAPI overlaid. (C) Images with a tetrode’s
track showing the tip location of the recording electrode (marked with the white arrow). The last
recorded neuron (denoted with the white asterisk) expresses YFP (upper image) and it is TH-pos-
itive (lower image). Files dataset is available at Figshare public repository in Tsanov 2016 data /
iC++ immunohistology folder https://figshare.com/s/b86a9a111353ba04bd32.
(TIF)
S9 Fig. Electrophysiological response of VTA neurons to blue light application in TH::Cre
rats injected with iC++ AVV. (A) Firing rate of 78 recorded slow-spiking (<10Hz) neurons
represented as percentage of pre-stimulation values. 45 cells showed no effect, 30 cells res-
ponded with significant inhibition of their firing rate, two-tailed independent t-test test, t(73) =
10.371, P< 0.001, n = 45 non-affected cells, and 3 cells responded with excitation: t(46) =
-10.909, P< 0.001. Error bars, mean ± s.e.m. (B) Raster plot from 120 repetitions (above)
and spike count of 120 repetitions (below) of two slow-spiking interneurons. Time 0 indicates
the delivery of the first train of the stimulation protocol. (C) Raster plot from 120 repetitions
(above) and spike count of 120 repetitions (below) of sample slow-spiking cell in VTA show the
novelty-induced increase of their baseline spiking (right) compared to familiar well-habituated
environment (left). A novelty-induced increase of the firing rate is an electrophysiological fea-
ture of VTA dopaminergic cells [1]. Files dataset is available at Figshare public repository in Tsa-
nov 2016 data / iC++ electrophysiology folder https://figshare.com/s/b86a9a111353ba04bd32. 1.
McNamara CG, Tejero-Cantero A, Trouche S, Campo-Urriza N, Dupret D. Dopaminergic neu-
rons promote hippocampal reactivation and spatial memory persistence. Nat Neurosci. 2014;17
(12):1658–60. 10.1038/nn.3843. 25326690; PubMed Central PMCID: PMC4241115.
(TIF)
S10 Fig. VTA TH+ suppression evokes gradual place field remapping of place cells with
shift of the averaged SPV and navigation preference. (A) Spatial firing rate maps of sample
place cells recorded from each animal of the iC++group (n = 6) from baseline recording (left
pair of panels), first (middle pair of panels) and second iC++ photoinhibition session (right
pair of panels). Each pair of panels represents the animal trajectory with spikes (colored dots)
(left) and a color-coded firing rate map (right). Field and rate remapping is evident in the
place cells of animals 1, 3, 6. Field center of mass remaps in the place cell of animals 2 and 5,
while rate remaps in the place cell of animal 4. (B) Spatial firing rate maps of sample place cells
recorded from each animal of the control YFP group (n = 7). The color-coded firing rate maps
are scaled to the cell’s maximum firing rate within a session. Red symbolizes the peak rate and
blue represents no firing. Random rate remapping also occurs in control recordings and here
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is evident in the place cells of animals 2, 4 and 5. No filed remapping is observed in YFP con-
trols. Files dataset is available at Figshare public repository in Tsanov 2016 data / Rectangular
track folder https://figshare.com/s/b86a9a111353ba04bd32.
(TIF)
S11 Fig. The suppression of ventral tegmental dopaminergic activity shifts the averaged
SPV and evokes navigation preference. (A) Comparison of the averaged SPV in degrees
between the baseline (left bar), first session (middle bar) and second session photoinhibition
(right bar) for the with iC++ group of rats, n = 6 rats, paired t-test test, day 1: t(5) = -2.935,
P = 0.032; day 2: t(5) = -2.169, P = 0.082. (B) Comparison of the SW/NE passes ratio between
the baseline (left), first (middle) and second photoinhibition session (right) for the iC++ group
of rats, n = 6, paired t-test test, day 1: t(5) = 2.679, P = 0.044; day 2: t(5) = 2.602, P = 0.048.
(C) Comparison of the SW/NE passes ratio between the baseline (left), first (middle) and sec-
ond control light delivery session (right) for the YFP group of rats n = 7, paired t-test test, day
1: t(6) = 0. 562, P = 0.594; day 2: t(6) = -0.151, P = 0.885. Error bars, mean ± s.e.m. Files dataset
is available at Figshare public repository in Tsanov 2016 data / Rectangular track folder https://
figshare.com/s/b86a9a111353ba04bd32.
(TIF)
S12 Fig. Forced navigation during navigation across rectangular-shaped linear track. Left:
biased navigation trajectory of a sample iC++ group animal during recording session with
laser application (marked with a blue dashed square) in the north and east arms of the track.
The experimenter actively guided the animal towards the east or north sections of the track
(marked with red arrows) for 50% of the recording session. The access towards the SW corner
was repeatedly restricted, which led to SW/NE ratio of 0.51. Right: weighted SPV of the spikes
(colored dots) from the place cells (represented by different colors) recorded during same ses-
sion with value of 42.2˚. The forced navigation technique was chosen instead of compartmen-
tal obstruction for particular section of the maze. The compartmentalization of recording
arena evokes remapping of place fields [1]. Files dataset is available at Figshare public reposi-
tory in Tsanov 2017 data /Rectangular track forced navigation folder https://figshare.com/s/
5c5ba9b2811f3d7b7696. 1. O’Keefe J, Burgess N. Geometric determinants of the place fields of
hippocampal neurons. Nature. 1996;381(6581):425–8. 8632799.
(TIF)
S13 Fig. Optogenetic excitation of VTA dopaminergic neurons augments place cell spik-
ing. (A) Raster plot from 40 repetitions (above) and spike count of 120 repetitions (below)
of two place cells. (B) Intra-field (left graph) and extra-field (right graph) firing rate of 22
place cells 100 ms after the onset of the stimulation protocol expressed as percentage of the
pre-stimulation values, for control (left) and photostimulation (middle). The right dots show
the firing rate (% pre-stimulation) for 250 ms after photostimulation onset. Paired t-test test:
for intra-field control vs 100ms ChR2 t(21) = -4.344, P< 0.001. Error bars, mean ± s.e.m.
Paired t-test test: for extra-field control vs 100ms ChR2 t(21) = 0.111, P = 0.913; for extra-field
control vs 250ms ChR2 t(21) = -0.871, P = 0.394. Error bars, mean ± s.e.m. (C) Sample place
field map of CA1 pyramidal neuron after exploration of open square arena. The map repre-
sents animal’s trajectory with spikes as coloured dots. The intra-field spikes are marked in pur-
ple, while the extra-field spikes are marked in red. The image on the right represents the
corresponding firing rate map for the same place cell. Files dataset is available at Figshare pub-
lic repository in Tsanov 2016 data / E123T electrophysiology folder https://figshare.com/s/
b86a9a111353ba04bd32.
(TIF)
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S14 Fig. Optogenetic excitation of VTA dopaminergic neurons suppresses postsynaptic
slow-spiking interneurons. (A) Raster plot from 40 repetitions (above) and spike count of
120 repetitions (below) of two slow-spiking interneurons. (B) Spike train cross-correlogram
between the interneurons and the place cells shown in (SA Fig). (C) Summary histogram of
the spiking cross-correlation peak values for recorded place cell-interneuron pairs (n = 22).
Files dataset is available at Figshare public repository in Tsanov 2016 data / Open arena regular
stimulation folder https://figshare.com/s/b86a9a111353ba04bd32.
(TIF)
S15 Fig. Place field’s center of mass is not affected in controls, but only in ChR2 animals.
(A) Firing map of a sample place cell from the first (above) and the second (below) baseline
recordings, and (B) firing map of the same sample place cell from the first (above) and second
(below) control YFP light application. Top left panels represent the animal trajectory with
spikes (red dots), top middle panels show the coordinates of the laser application (blue dashed
lines) and the applied light pulses (red dots); and top right panels show color-coded bhatt over-
lap between the distribution of the spikes and the applied light pulses. Bottom images show 3D
color-coded firing rate maps of the place cells. (C) Firing map of a sample place cell from the
first (above) and the second (below) baseline recordings and (D) the spikes from the first
(above) and second (below) ChR2 photostimulation session. Top left panels represent the ani-
mal trajectory with spikes (red dots), top middle panels show the coordinates of the laser appli-
cation (blue dashed lines) and the applied light pulses (red dots); and top right panels show
color-coded bhatt overlap between the distribution of the spikes and the applied light pulses.
Bottom images show 3D color-coded firing rate maps of the place cells. Files dataset is available
at Figshare public repository in Tsanov 2016 data / Open arena spatial stimulation folder
https://figshare.com/s/b86a9a111353ba04bd32 and Tsanov 2016 data addition folder https://
figshare.com/s/b2c6e7a8a0417820720c.
(TIF)
S16 Fig. Dopaminergic photostimulation does not evoke consistent alterations of hippo-
campal place filed properties. (A) Comparison of the place field center rate (left), mean filed
rate (middle) and spatial coherence (right) between baselines and light delivery sessions of the
control YFP group (n = 16 cells) and ChR2 group of rats (n = 18 cells). (B) Comparison of the
field size (left), spatial information content (middle) and raw Bhattacharyya distance (right)
between baselines and light delivery sessions of the control YFP group (n = 16 cells) and ChR2
group of rats (n = 18 cells). The place field size ratio of the baseline over the second baseline
underwent non-significant decrease for the ChR2 group, two-tailed independent t-test test,
t(31) = -1.886, p = 0.069. Concurrently, the spatial information ratio of the baseline over
the second baseline underwent non-significant increase for the ChR2 group, t(31) = 1.895,
p = 0.068. The raw Bhattacharyya distance (bhatt) was calculated for the non-smoothed rate
maps for the ChR2 group (n = 18) and control YFP group (n = 16), two-tailed independent t-
test test, baseline 2 session, t(31) = 3.547, P = 0.001; light delivery 2 session, t(31) = 2.539,
P = 0.016. Error bars, mean ± s.e.m. The values are represented as ratios of the measured val-
ues from first baseline session over the values of the subsequent light delivery, second baseline
and second light delivery session. Tsanov 2016 data / Open arena spatial stimulation folder
https://figshare.com/s/b86a9a111353ba04bd32 and Tsanov 2016 data addition folder https://
figshare.com/s/b2c6e7a8a0417820720c.
(TIF)
S17 Fig. Electrical stimulation of the medial forebrain bundle. Inset atlas schematic shows
the location of chronically-implanted electrodes in the medial forebrain bundle (mfb). A
Place field distribution encodes place preference
PLOS Biology | https://doi.org/10.1371/journal.pbio.2002365 September 12, 2017 33 / 39
sample histology shows the tip of the bipolar concentric electrode (marked with white
arrow). For verification of electrode location electrolytic lesion was induced by high-current
intensity (0.5 mA current applied for a period of 10 s) after the completion of the experiments
under non-recovery isoflurane anaesthesia. Files dataset is available at Figshare public reposi-
tory in Tsanov 2016 data / Open arena spatial stimulation folder https://figshare.com/s/
b86a9a111353ba04bd32.
(TIF)
S18 Fig. MFB stimulation evokes relocation of place field’s center of mass.
(TIF)
S19 Fig. MFB stimulation shifts place field’s center of mass (COM) in direction of the
applied stimulation pulses. (A) Pearson’s correlation between bhatt and ΔCOM for the MFB
group. (B) The difference of the center of mass (ΔCOM) between the baseline and the follow-
ing first light delivery and MFB stimulation; baseline and second baseline; baseline and second
light delivery and MFB stimulation session, two-tailed independent t-test test; t(32) = 3.470,
P = 0.002 for YFP control (n = 16 cells) and MFB stimulation (n = 18 cells) groups. Error
bars, mean ± s.e.m. (C) Ratio of Bhattacharyya distance (bhatt) of the baseline values over the
following first light delivery and MFB stimulation; baseline over second baseline, two-tailed
independent t-test test, t(32) = 2.041, P = 0.049; baseline over second light delivery and MFB
stimulation session, t(32) = 3.040, P = 0.005, for YFP control (n = 16) and MFB stimulation
(n = 18) groups. Error bars, mean ± s.e.m. (D) Comparison of the place field peak rate (left),
mean field rate (middle) and spatial coherence (right) between baselines and light delivery ses-
sions of the control YFP and MFB group of rats. (E) Comparison of the place field size (left)
and spatial information (middle) between baselines and light delivery sessions of the control
YFP and MFB group of rats. Right: raw bhatt calculated for the non-smoothed rate map for
the MFB group (n = 18) and control YFP group (n = 16), two-tailed independent t-test test,
baseline 2 session, t(32) = 2.415, P = 0.022; light delivery 2 and MFB 2 stimulation t(32) =
3.256, P = 0.003. Error bars, mean ± s.e.m. Files dataset is available at Figshare public reposi-
tory in Tsanov 2016 data / Open arena spatial stimulation folder https://figshare.com/s/
b86a9a111353ba04bd32.
(TIF)
S1 Table. Number of passes in the probe session of continuous T-maze task.
(DOCX)
S2 Table. Spatial filed configuration (degrees) for all cells in the probe session of T-maze
task.
(DOCX)
S3 Table. Center of mass angle (degrees) for all cells in the probe session of T-maze task.
(DOCX)
S4 Table. Spatial population vector (degrees) in the probe session of continuous T-maze
task.
(DOCX)
S5 Table. Number of passes and SPV in rectangular-shaped linear task for iC++ rats.
(DOCX)
S6 Table. Number of passes and SPV in rectangular-shaped linear task for YFP rats.
(DOCX)
Place field distribution encodes place preference
PLOS Biology | https://doi.org/10.1371/journal.pbio.2002365 September 12, 2017 34 / 39
S7 Table. Post-photostimulation firing rate (% pre-stimulation).
(DOCX)
S8 Table. Post-stimulation firing rate (% pre-stimulation) for intra- vs extra place field
spikes.
(DOCX)
S1 Data. Place field properties of place cells in open arena after hippocampal VTA fibers-
photostimulation.
(XLSX)
S2 Data. Place field properties of place cells in open arena after control light delivery.
(XLSX)
S3 Data. Place field properties of place cells in open arena after VTA-photostimulation.
(XLSX)
S4 Data. Place field properties of place cells in open arena after MFB-stimulation.
(XLSX)
Acknowledgments
Acknowledgments to Rat Resource & Research Center P40OD011062 at the University of Mis-
souri for the TH::Cre transgenic rats. We thank Conor McDonnell for the MFB recordings
and Mona Heiland for the immunohistology.
Author Contributions
Conceptualization: Harold M. McNamara, Richard B. Reilly, Marian Tsanov.
Data curation: Omar Mamad, Lars Stumpp, Harold M. McNamara, Charu Ramakrishnan,
Marian Tsanov.
Formal analysis: Richard B. Reilly.
Funding acquisition: Richard B. Reilly, Marian Tsanov.
Investigation: Omar Mamad, Harold M. McNamara, Marian Tsanov.
Methodology: Omar Mamad, Lars Stumpp, Harold M. McNamara, Charu Ramakrishnan,
Karl Deisseroth, Richard B. Reilly, Marian Tsanov.
Project administration: Richard B. Reilly, Marian Tsanov.
Resources: Charu Ramakrishnan, Karl Deisseroth, Marian Tsanov.
Software: Lars Stumpp, Harold M. McNamara, Richard B. Reilly, Marian Tsanov.
Supervision: Karl Deisseroth, Marian Tsanov.
Validation: Karl Deisseroth, Marian Tsanov.
Visualization: Omar Mamad, Lars Stumpp, Harold M. McNamara, Richard B. Reilly, Marian
Tsanov.
Writing – original draft: Marian Tsanov.
Writing – review & editing: Harold M. McNamara, Richard B. Reilly.
Place field distribution encodes place preference
PLOS Biology | https://doi.org/10.1371/journal.pbio.2002365 September 12, 2017 35 / 39
References
1. Shohamy D, Adcock RA. Dopamine and adaptive memory. Trends Cogn Sci. 2010; 14(10):464–72.
https://doi.org/10.1016/j.tics.2010.08.002 PMID: 20829095.
2. Shapiro ML, Kennedy PJ, Ferbinteanu J. Representing episodes in the mammalian brain. Curr Opin
Neurobiol. 2006; 16(6):701–9. https://doi.org/10.1016/j.conb.2006.08.017 PMID: 17084616.
3. Leutgeb S, Leutgeb JK, Barnes CA, Moser EI, McNaughton BL, Moser MB. Independent codes for spa-
tial and episodic memory in hippocampal neuronal ensembles. Science. 2005; 309(5734):619–23.
https://doi.org/10.1126/science.1114037 PMID: 16040709.
4. Ramirez S, Liu X, Lin PA, Suh J, Pignatelli M, Redondo RL, et al. Creating a false memory in the hippocam-
pus. Science. 2013; 341(6144):387–91. https://doi.org/10.1126/science.1239073 PMID: 23888038.
5. Redondo RL, Kim J, Arons AL, Ramirez S, Liu X, Tonegawa S. Bidirectional switch of the valence asso-
ciated with a hippocampal contextual memory engram. Nature. 2014; 513(7518):426–30. https://doi.
org/10.1038/nature13725 PMID: 25162525; PubMed Central PMCID: PMC4169316.
6. Ryan TJ, Roy DS, Pignatelli M, Arons A, Tonegawa S. Memory. Engram cells retain memory under ret-
rograde amnesia. Science. 2015; 348(6238):1007–13. https://doi.org/10.1126/science.aaa5542 PMID:
26023136.
7. de Lavilleon G, Lacroix MM, Rondi-Reig L, Benchenane K. Explicit memory creation during sleep dem-
onstrates a causal role of place cells in navigation. Nat Neurosci. 2015; 18(4):493–5. https://doi.org/10.
1038/nn.3970 PMID: 25751533.
8. Eichenbaum H. Hippocampus: mapping or memory? Current biology: CB. 2000; 10(21):R785–7. PMID:
11084350.
9. Hollup SA, Molden S, Donnett JG, Moser MB, Moser EI. Accumulation of hippocampal place fields at
the goal location in an annular watermaze task. J Neurosci. 2001; 21(5):1635–44. PMID: 11222654
10. Breese CR, Hampson RE, Deadwyler SA. Hippocampal place cells: stereotypy and plasticity. J Neu-
rosci. 1989; 9(4):1097–111. PMID: 2703869.
11. Lee I, Griffin AL, Zilli EA, Eichenbaum H, Hasselmo ME. Gradual translocation of spatial correlates of
neuronal firing in the hippocampus toward prospective reward locations. Neuron. 2006; 51(5):639–50.
https://doi.org/10.1016/j.neuron.2006.06.033 PMID: 16950161.
12. Navratilova Z, Hoang LT, Schwindel CD, Tatsuno M, McNaughton BL. Experience-dependent firing
rate remapping generates directional selectivity in hippocampal place cells. Front Neural Circuits. 2012;
6:6. https://doi.org/10.3389/fncir.2012.00006 PMID: 22363267; PubMed Central PMCID:
PMC3282921.
13. Frank LM, Stanley GB, Brown EN. Hippocampal plasticity across multiple days of exposure to novel
environments. J Neurosci. 2004; 24(35):7681–9. https://doi.org/10.1523/JNEUROSCI.1958-04.2004
PMID: 15342735.
14. Dupret D, O’Neill J, Pleydell-Bouverie B, Csicsvari J. The reorganization and reactivation of hippocam-
pal maps predict spatial memory performance. Nat Neurosci. 2010; 13(8):995–1002. https://doi.org/10.
1038/nn.2599 PMID: 20639874; PubMed Central PMCID: PMC2923061.
15. Lammel S, Lim BK, Ran C, Huang KW, Betley MJ, Tye KM, et al. Input-specific control of reward and
aversion in the ventral tegmental area. Nature. 2012; 491(7423):212–7. https://doi.org/10.1038/
nature11527 PMID: 23064228; PubMed Central PMCID: PMC3493743.
16. Stamatakis AM, Jennings JH, Ung RL, Blair GA, Weinberg RJ, Neve RL, et al. A unique population of
ventral tegmental area neurons inhibits the lateral habenula to promote reward. Neuron. 2013; 80
(4):1039–53. https://doi.org/10.1016/j.neuron.2013.08.023 PMID: 24267654; PubMed Central PMCID:
PMC3873746.
17. Roesch MR, Calu DJ, Schoenbaum G. Dopamine neurons encode the better option in rats deciding
between differently delayed or sized rewards. Nat Neurosci. 2007; 10(12):1615–24. https://doi.org/10.
1038/nn2013 PMID: 18026098; PubMed Central PMCID: PMCPMC2562672.
18. Schultz W. Dopamine reward prediction error coding. Dialogues Clin Neurosci. 2016; 18(1):23–32.
PMID: 27069377; PubMed Central PMCID: PMCPMC4826767.
19. Schultz W. Predictive reward signal of dopamine neurons. J Neurophysiol. 1998; 80(1):1–27. PMID:
9658025.
20. Berndt A, Lee SY, Wietek J, Ramakrishnan C, Steinberg EE, Rashid AJ, et al. Structural foundations of
optogenetics: Determinants of channelrhodopsin ion selectivity. Proc Natl Acad Sci U S A. 2016; 113
(4):822–9. https://doi.org/10.1073/pnas.1523341113 PMID: 26699459; PubMed Central PMCID:
PMC4743797.
21. McNamara CG, Tejero-Cantero A, Trouche S, Campo-Urriza N, Dupret D. Dopaminergic neurons pro-
mote hippocampal reactivation and spatial memory persistence. Nat Neurosci. 2014; 17(12):1658–60.
https://doi.org/10.1038/nn.3843 PMID: 25326690; PubMed Central PMCID: PMC4241115.
Place field distribution encodes place preference
PLOS Biology | https://doi.org/10.1371/journal.pbio.2002365 September 12, 2017 36 / 39
22. Witten IB, Steinberg EE, Lee SY, Davidson TJ, Zalocusky KA, Brodsky M, et al. Recombinase-driver rat
lines: tools, techniques, and optogenetic application to dopamine-mediated reinforcement. Neuron.
2011; 72(5):721–33. https://doi.org/10.1016/j.neuron.2011.10.028 PMID: 22153370; PubMed Central
PMCID: PMC3282061.
23. Fujisawa S, Amarasingham A, Harrison MT, Buzsaki G. Behavior-dependent short-term assembly
dynamics in the medial prefrontal cortex. Nat Neurosci. 2008; 11(7):823–33. https://doi.org/10.1038/nn.
2134 PMID: 18516033.
24. Csicsvari J, Hirase H, Czurko A, Buzsa´ki G. Reliability and state dependence of pyramidal cell-interneu-
ron synapses in the hippocampus: an ensemble approach in the behaving rat. Neuron. 1998; 21
(1):179–89. PMID: 9697862
25. Mehta MR, Quirk MC, Wilson MA. Experience-dependent asymmetric shape of hippocampal receptive
fields. Neuron. 2000; 25(3):707–15. PMID: 10774737.
26. Poucet B, Lenck-Santini PP, Hok V, Save E, Banquet JP, Gaussier P, et al. Spatial navigation and hip-
pocampal place cell firing: the problem of goal encoding. Rev Neurosci. 2004; 15(2):89–107. PMID:
15202682.
27. Hok V, Lenck-Santini PP, Roux S, Save E, Muller RU, Poucet B. Goal-related activity in hippocampal
place cells. J Neurosci. 2007; 27(3):472–82. https://doi.org/10.1523/JNEUROSCI.2864-06.2007 PMID:
17234580.
28. Passino E, Middei S, Restivo L, Bertaina-Anglade V, Ammassari-Teule M. Genetic approach to variabil-
ity of memory systems: analysis of place vs. response learning and fos-related expression in hippocam-
pal and striatal areas of C57BL/6 and DBA/2 mice. Hippocampus. 2002; 12(1):63–75. https://doi.org/
10.1002/hipo.10007 PMID: 11918290.
29. Ferbinteanu J, Shapiro ML. Prospective and retrospective memory coding in the hippocampus. Neuron.
2003; 40(6):1227–39. PMID: 14687555.
30. Spiers HJ, Hayman RM, Jovalekic A, Marozzi E, Jeffery KJ. Place field repetition and purely local
remapping in a multicompartment environment. Cereb Cortex. 2015; 25(1):10–25. https://doi.org/10.
1093/cercor/bht198 PMID: 23945240; PubMed Central PMCID: PMC4400414.
31. Smith DM, Mizumori SJ. Hippocampal place cells, context, and episodic memory. Hippocampus. 2006;
16(9):716–29. https://doi.org/10.1002/hipo.20208 PMID: 16897724
32. Leutgeb S, Leutgeb JK, Moser MB, Moser EI. Place cells, spatial maps and the population code for
memory. Curr Opin Neurobiol. 2005; 15(6):738–46. https://doi.org/10.1016/j.conb.2005.10.002 PMID:
16263261.
33. McKenzie S, Robinson NT, Herrera L, Churchill JC, Eichenbaum H. Learning causes reorganization of
neuronal firing patterns to represent related experiences within a hippocampal schema. J Neurosci.
2013; 33(25):10243–56. https://doi.org/10.1523/JNEUROSCI.0879-13.2013 PMID: 23785140;
PubMed Central PMCID: PMCPMC3685831.
34. Georgopoulos AP, Schwartz AB, Kettner RE. Neuronal population coding of movement direction. Sci-
ence. 1986; 233(4771):1416–9. PMID: 3749885.
35. Ferbinteanu J, Shirvalkar P, Shapiro ML. Memory modulates journey-dependent coding in the rat hippo-
campus. J Neurosci. 2011; 31(25):9135–46. https://doi.org/10.1523/JNEUROSCI.1241-11.2011 PMID:
21697365; PubMed Central PMCID: PMC3136141.
36. Bahar AS, Shapiro ML. Remembering to learn: independent place and journey coding mechanisms
contribute to memory transfer. J Neurosci. 2012; 32(6):2191–203. https://doi.org/10.1523/
JNEUROSCI.3998-11.2012 PMID: 22323731; PubMed Central PMCID: PMC3567459.
37. Bahar AS, Shirvalkar PR, Shapiro ML. Memory-guided learning: CA1 and CA3 neuronal ensembles dif-
ferentially encode the commonalities and differences between situations. J Neurosci. 2011; 31
(34):12270–81. https://doi.org/10.1523/JNEUROSCI.1671-11.2011 PMID: 21865470; PubMed Central
PMCID: PMC3167378.
38. Knierim JJ. Dynamic interactions between local surface cues, distal landmarks, and intrinsic circuitry in
hippocampal place cells. J Neurosci. 2002; 22(14):6254–64. https://doi.org/20026608 PMID:
12122084.
39. Luo AH, Tahsili-Fahadan P, Wise RA, Lupica CR, Aston-Jones G. Linking context with reward: a func-
tional circuit from hippocampal CA3 to ventral tegmental area. Science. 2011; 333(6040):353–7. https://
doi.org/10.1126/science.1204622 PMID: 21764750; PubMed Central PMCID: PMC3150711.
40. Cohen JY, Haesler S, Vong L, Lowell BB, Uchida N. Neuron-type-specific signals for reward and pun-
ishment in the ventral tegmental area. Nature. 2012; 482(7383):85–8. https://doi.org/10.1038/
nature10754 PMID: 22258508; PubMed Central PMCID: PMC3271183.
41. Manns JR, Howard MW, Eichenbaum H. Gradual changes in hippocampal activity support remember-
ing the order of events. Neuron. 2007; 56(3):530–40. https://doi.org/10.1016/j.neuron.2007.08.017
PMID: 17988635; PubMed Central PMCID: PMCPMC2104541.
Place field distribution encodes place preference
PLOS Biology | https://doi.org/10.1371/journal.pbio.2002365 September 12, 2017 37 / 39
42. Tran AH, Uwano T, Kimura T, Hori E, Katsuki M, Nishijo H, et al. Dopamine D1 receptor modulates hip-
pocampal representation plasticity to spatial novelty. J Neurosci. 2008; 28(50):13390–400. Epub 2008/
12/17. https://doi.org/10.1523/JNEUROSCI.2680-08.2008 PMID: 19074012.
43. Tritsch NX, Oh WJ, Gu C, Sabatini BL. Midbrain dopamine neurons sustain inhibitory transmission
using plasma membrane uptake of GABA, not synthesis. eLife. 2014; 3:e01936. https://doi.org/10.
7554/eLife.01936 PMID: 24843012; PubMed Central PMCID: PMC4001323.
44. Lisman JE, Grace AA. The hippocampal-VTA loop: controlling the entry of information into long-term
memory. Neuron. 2005; 46(5):703–13. Epub 2005/06/01. https://doi.org/10.1016/j.neuron.2005.05.002
PMID: 15924857.
45. Bunzeck N, Duzel E. Absolute coding of stimulus novelty in the human substantia nigra/VTA. Neuron.
2006; 51(3):369–79. https://doi.org/10.1016/j.neuron.2006.06.021 PMID: 16880131.
46. Roitman MF, Wheeler RA, Carelli RM. Nucleus accumbens neurons are innately tuned for rewarding
and aversive taste stimuli, encode their predictors, and are linked to motor output. Neuron. 2005; 45
(4):587–97. https://doi.org/10.1016/j.neuron.2004.12.055 PMID: 15721244.
47. van der Meer MA, Redish AD. Covert Expectation-of-Reward in Rat Ventral Striatum at Decision Points.
Front Integr Neurosci. 2009; 3:1. https://doi.org/10.3389/neuro.07.001.2009 PMID: 19225578; PubMed
Central PMCID: PMC2644619.
48. Takeuchi T, Duszkiewicz AJ, Sonneborn A, Spooner PA, Yamasaki M, Watanabe M, et al. Locus coeru-
leus and dopaminergic consolidation of everyday memory. Nature. 2016; 537(7620):357–62. https://
doi.org/10.1038/nature19325 PMID: 27602521.
49. Fuentealba P, Begum R, Capogna M, Jinno S, Marton LF, Csicsvari J, et al. Ivy cells: a population of
nitric-oxide-producing, slow-spiking GABAergic neurons and their involvement in hippocampal network
activity. Neuron. 2008; 57(6):917–29. https://doi.org/10.1016/j.neuron.2008.01.034 PMID: 18367092;
PubMed Central PMCID: PMC4487557.
50. Somogyi P, Klausberger T. Defined types of cortical interneurone structure space and spike timing in
the hippocampus. J Physiol. 2005; 562(Pt 1):9–26. https://doi.org/10.1113/jphysiol.2004.078915 PMID:
15539390; PubMed Central PMCID: PMC1665488.
51. Schoenenberger P, O’Neill J, Csicsvari J. Activity-dependent plasticity of hippocampal place maps. Nat
Commun. 2016; 7:11824. https://doi.org/10.1038/ncomms11824 PMID: 27282121; PubMed Central
PMCID: PMCPMC4906387.
52. Lemon N, Manahan-Vaughan D. Dopamine D1/D5 receptors gate the acquisition of novel information
through hippocampal long-term potentiation and long-term depression. J Neurosci. 2006; 26(29):7723–
9. https://doi.org/10.1523/JNEUROSCI.1454-06.2006 PMID: 16855100
53. Ihalainen JA, Riekkinen P Jr., Feenstra MG. Comparison of dopamine and noradrenaline release in
mouse prefrontal cortex, striatum and hippocampus using microdialysis. Neurosci Lett. 1999; 277
(2):71–4. PMID: 10624812.
54. Li S, Cullen WK, Anwyl R, Rowan MJ. Dopamine-dependent facilitation of LTP induction in hippocampal
CA1 by exposure to spatial novelty. Nat Neurosci. 2003; 6(5):526–31. https://doi.org/10.1038/nn1049
PMID: 12704392
55. Castro CA, Silbert LH, McNaughton BL, Barnes CA. Recovery of spatial learning deficits after decay of
electrically induced synaptic enhancement in the hippocampus. Nature. 1989; 342(6249):545–8.
https://doi.org/10.1038/342545a0 PMID: 2586626
56. Stuber GD, Stamatakis AM, Kantak PA. Considerations when using cre-driver rodent lines for studying
ventral tegmental area circuitry. Neuron. 2015; 85(2):439–45. https://doi.org/10.1016/j.neuron.2014.12.
034 PMID: 25611514; PubMed Central PMCID: PMC4303766.
57. Mamad O, McNamara HM, Reilly RB, Tsanov M. Medial septum regulates the hippocampal spatial
representation. Frontiers in behavioral neuroscience. 2015; 9:166. https://doi.org/10.3389/fnbeh.2015.
00166 PMID: 26175674; PubMed Central PMCID: PMC4485312.
58. Wilson MA, McNaughton BL. Dynamics of the hippocampal ensemble code for space. Science. 1993;
261(5124):1055–8. PMID: 8351520.
59. Brun VH, Otnaess MK, Molden S, Steffenach HA, Witter MP, Moser MB, et al. Place cells and place rec-
ognition maintained by direct entorhinal-hippocampal circuitry. Science 2002; 296(5576):2243–6.
https://doi.org/10.1126/science.1071089 PMID: 12077421
60. Tsai HC, Zhang F, Adamantidis A, Stuber GD, Bonci A, de Lecea L, et al. Phasic firing in dopaminergic
neurons is sufficient for behavioral conditioning. Science. 2009; 324(5930):1080–4. https://doi.org/10.
1126/science.1168878 PMID: 19389999.
61. Zhou SK, Chellappa R. From sample similarity to ensemble similarity: probabilistic distance measures
in reproducing kernel Hilbert space. IEEE Trans Pattern Anal Mach Intell. 2006; 28(6):917–29. https://
doi.org/10.1109/TPAMI.2006.120 PMID: 16724586.
Place field distribution encodes place preference
PLOS Biology | https://doi.org/10.1371/journal.pbio.2002365 September 12, 2017 38 / 39
62. Dragoi G, Harris KD, Buzsa´ki G. Place representation within hippocampal networks is modified by long-
term potentiation. Neuron. 2003; 39(5):843–53. PMID: 12948450
63. Karalis N, Dejean C, Chaudun F, Khoder S, Rozeske RR, Wurtz H, et al. 4-Hz oscillations synchronize
prefrontal-amygdala circuits during fear behavior. Nat Neurosci. 2016; 19(4):605–12. https://doi.org/10.
1038/nn.4251 PMID: 26878674; PubMed Central PMCID: PMCPMC4843971.
Place field distribution encodes place preference
PLOS Biology | https://doi.org/10.1371/journal.pbio.2002365 September 12, 2017 39 / 39
